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Basic aspects of near infra-red spectroscopy
Jöbsis (1977) first made use of the relative transparency of brain tissue to the wavelengths of
light ranging from 700 to 1000 nm to measure tissue oxygenation and circulatory parameters
non-invasively. Since then this technique, known as near-infrared spectroscopy (NIRS), has been;
further developed for use in both experimental and clinical conditions to monitor oxygenation of
blood and tissue. Related applications in brain include the measurement of cerebral blood flow
in adults (Olsen et al„ 19%) and prcterm infants (Edwards et al., 1988), detection of intracranial
hacmatomas after head injury (Robertson et al., 1995), functional imaging in adults (Villringer
et al., 1993; Tamura et al.. 1997), quantitation of cerebral blood volume in infants (Wyatt et
al., 1990) and measurement of mitochondrial dysfunction via the cytochrome oxidase signal
(Cooper et al., 1999).
Different NIRS systems exist, but they arc all based on the same physical principles. The most
important one is the general principle of absorption, stating that the intensity of light passing
through a solution containing a chromophore becomes reduced. The relationship between the
variables contributing to this reduction is given in the Beer-Lambert equation:
log
I,
= a.c.d
Where I,/I is the ratio of the light intensity entering to emerging from the solution, a is the
extinction coefficient, c is the chromophore concentration and d the thickness of the solution as
illustrated in figure I.
Source Detccior
Figur« 1. Light absorption as it occurs in a non scattering solution. The difference between the mciding (|,( and emerging
(I) light intensity is measured by the detector. When the thickness of the solution (d) is known the Beer-Lambert law
allows calculation of the chromophore concentration. • represents a light absorbing compound, (adapted from: Owen-
Reeceetal. 1999)
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This equation introduces us into the simplest form of spectroscopy. often used in research
laboratories as colorimetric spectrophotometry for the direct or indirect determination of
proteins. RNA, and many more. The use of this form of spectrometry in tissue is impossible
because tissue is a highly light scattering medium. Scattering occurs at the boundary of two
media with different diffraction coefficients and causes the light to bend away from its linear
path. Such boundaries are present in the brain at both macroscopic and microscopic level;
ventricle-brain tissue and cytoplasm-cell membrane boundary', respectively (li lwell. I*W5). As
illustrated in figure 2, scattering causes two major deviations from the Beer-Lambert law. The
lirst is that reduction of the light is not entirely caused by absorption but that an unknown amount
is lost by scattering. The second scattering effect is an unknown increase in the palhlcngth of
the light travelling through the tissue. Looking back at the Beer-Lambert equation it becomes
eminent that both 1^ 1 and d are disturbed by the scattering phenomenon.
Source Ddcctor
Figure 2. Light loss and absorption as it occurs in a scattering solution The difference between the inciding (I,) and
emerging (I) light intensity is measured by the detector, but loss of light is caused by either a light absorbing compound
(•) or scattering out of the detectors range (lower line). Besides loss of light scattering can also cause an increase of the
light pathway (upper line) (adapted from: Owen-Reece et al., 1999)
The ratio of the actual distance the light travels through the medium to the thickness is expressed
as the differential pathlength factor (DPF). Different methods for the assessment of this factor
exist. Time of flight experiments use the delay of detection caused by such a medium to calculate
DPF and optical pathlength (Dclpy et al., I9K8). Another method which will be extensively
discussed below is the use of the absorption of water in the tissue to asses the DI'F. The equation
looks as follows:
DPF =
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where d, is the real distance and d the thickness of the solution. In the human head the C*F
is accepted to be 6.3 (Duncan et al., 1995), whereas in the rat brain it is somewhat smal:r,
approximately 4.4 (Cope ct al., 1989). Knowing the DPF and assuming that the contribution^
scattering to the light intensity decrease remains the same it is possible to calculate the chanes
in concentration of the chromophores in micromolar.
The chromophores generally studied in NIRS are oxyhaemoglobin, deoxyhaemoglobin ad
oxidised Cu^ (cytochrome oxidase redox state), which all have a characteristic absorpon
spectrum in the near infrared range (Wray et al., 1988). Changes in the concentration >f
oxyhaemoglobin and deoxyhaemoglobin can then be used for the calculation of the changesn
the concentration of total haemoglobin. These variables are indicators for the blood and oxypn
supply to the brain and can be used to assess cerebral blood volume (Wyatt et al., 1990). The O^
group is the prosthetic Cu-Cu-group (Tsukihara et al.. 1995) within cytochrome oxidase that hs
an absorption band in the NIR-spcctrum when oxidised and so changes in its oxidation state en
be measured by near-infrared spectroscopy. In normal brain tissue the cytochrome component^
the attenuation spectrum in the NIR region is small compared to that from haemoglobin and so
the cytochrome signal is vulnerable to artefact. In order to measure changes in the Cu^ oxidation
state, a full spectral NIR system is used which is more robust in separating the cytochrome
oxidase signal than four-wavelength instruments (Matcher et al.. 1995). Another ehromophore
showing a strong absorption within this region is water, which has an absorption peak at 975 nm
(Cope el al., 1984). Combined with the assumption of an 85 % water content, this feature can
then be used to calculate the actual pathlcngth.
Different algorithms have been developed for deconvolution of the chromophores. In 1995
Matcher and co-workers described a performance comparison of some of these algorithms.
The algorithms compared used a different number of wavelength. 3. 4. 6 and 112. to calculate
the changes in the concentration of oxyhaemoglobin. deoxyhaemoglobin and Cu^. From this
study it was concluded that substantial differences can arise when different algorithms were
used in deconvoluting the same in vivo data set and that this was particularly the case for the
Cu^ signal. They also state, based on the route mean square of the Cu^ signal, that the use of a
multi wavelength system may be useful to decrease the distortions on the signal caused by tissue
scattering.
For further information the reader is referred to the review by Owen-Recce et al.. 1999.
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The actual NIRS system as used in our studies
The multi wavelength NIRS system and algorithms used were all developed at the Department
of Medical Physics and Bioengineering. University College London. A clear description of the
CCD based spectrophotometer (figure 3) has been provided by Cope and co-workers (19X9).
In short the transmitted light is collected in a grid-based spectrograph thai disperses the light
in order to obtain a spectrum. This spectrum is then projected onto a cooled CCD camera,
detecting the intensity for each wavelength. These data are then transferred to a computer for the
deconvolution.
spectrograph
CCD camera
to computer
from sample
Figure 3. Schematic diagram of the CCD spectroscopy system lor
tissue oxygenation measurements (adapted from Cope et a l , 1989)
Since the publication of the systems set up some additions and further developments have been
made. Figure 4 is a schematic representation of our current system. A 100 W halogen lamp is used
as a light source and a cut off filter is used to reduce heat transduction along the emitting fibre or
optode. The emitting optode is placed on one side of the head and the receiving one on the other
side. This configuration allows us to measure the whole brain in transmission mode. The light
from the receiving optode is converted to an electric signal using the same setup as described
above. The current software then allows on line deconvolution of the spectra, thus allowing
immediate NIRS monitoring. One of the additions in our system is the computer controlled
breathing gas blender, based on the one described by Elwell and co-workers (1994). This system
allows rapid and accurate breathing gas mixture switching and is programmable in advance, thus
following the same protocol for each individual animal. As marked on the diagram, in general
isoflurane was used as an anaesthetic but the system is easily adaptable to other anaesthetics.
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The chromophores listed next to the controlling computer include indocyanine green (IC().
The detection of this chromophore is a further development which will be described below, lie
system time resolution depends on the controlling computer and our system allowed to measire
at 10 Hz or lower. To achieve better time resolution NIR spectra were collected contiguously ad
averaged. All electronically recorded physiological data were transferred online to the controllnu
computers and stored in the same data file, thus yielding a time related recording of all data.
Receiving Optode
Spectrogriph
670-1000 nm
On Inflow Controller
Figure 4. Schematic diagram of the equipment used for inhalation gas mixture regulation and NIRS monitoring.
The pathlength and actual area of measurement have been modelled using a Monte Carlo
simulation, as shown in figure 5 (Prof. Dr. Delpy D.T., personal communication). This simulation
clearly showed that the methodoftransillumination used, isactually measuring the region ofinterest,
the brain, with only small proportions of the skull. This simulation, starting from an interoptode
spacing of 13.8 mm. resulted in an average pathlength of 56.5 mm. Yielding a differential pathlength
factor of 4.1. this result is in good agreement with those found in in vivo (Cope et al.. 1989).
0.5mm
i—
13mm
16mm
Figure 5. Monte Carlo simulation of the
rat head transillumination at 800 nm
wavelength The arrows indicate the
optodes (Prof Dr Delpy D.T., personal
communication)
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Absolute changes in the concentration of oxyhaemoglobin ([HbO,]), deoxyhaemoglobin
([Hb]) and oxidised Cu^ ([Cu J ) were calculated from the change in attenuation between 780
and 900 nm (Cope et al.. 1989; Matcher et al.. 1995) and normalised to the baseline optical
pathlength measured from the 840 nm water feature using 2""' differential analysis (Matcher
and Cooper. 1994). Assuming an 85 % water content the absolute concentration of Hb was
obtained from 2~* differential analysis and normalised to the pathlength obtained from the 740
nm water feature. The absolute [Mb] and absolute changes in |llb(),] and [Cu J were monitored
on-line. Absolute [HbO,] was back-calculated taking the value after terminal anoxia as zero.
Total haemoglobin ([HbT]) was calculated as the sum of [HbO,] and [Hb], and mean cerebral
saturation of haemoglobin with oxygen (SmcO,) by the following formula: ([HbO,] / [HbT]) x
100.
As described above the Cu^ signal could also be measured by our system and this oxidised
cytochrome oxidase signal was validated with cyanide (Cooper et al., 1999) and correlates with
the decline in phosphocreatine during the onset of anoxia in the new-born piglet as measured by
"P NMR spectroscopy (Springe» et al.. 2000). This technique has already been used to study
cerebral energy failure in different experimental conditions (Cooper and Springe». 1997; van
Rossemctal., 1999).
Part of the work presented in this thesis was performed with indocyanine green (ICCi), a non-
toxic dye with a specific absorption spectrum in the near infrared range. Since its development in
the Kodak Research Laboratories (Brooker, 1955: Pox and Wood. I960) and introduction in the
clinical research in 1956 (Kox et al.). many clinical applications have been described for IC(i.
After i.v. injection the dye is almost entirely confined to the blood compartment and it has been
used to measure plasma volume (Haller et al., 1993) and blood flow in humans (Carski et al.,
1978; Speichet al.. 1988). In rats, plasma and red blood cell transit through a region of the cortex
was assessed simultaneously by dual wavelength NIRS and single bolus injection of l('(i (Fke ct
al., 1997). ICCi bolus transit detection with NIRS has been used to measure CHI- quantitatively
in newborn piglets by simultaneous monitoring of the concentration of ICCi in the brain and the
arterial blood by multi wavelength NIRS and ICCi pulse oxymetry, respectively (Springett ct al.,
2000). The latter technique can not be applied in small laboratory animals since the heart rate
exceeds the frequency limit of the existing pulse oxymetcr. Qualitative measurements of CHF in
pigs were performed by Kuebler et al. (1998) who calculated a blood flow index from the ICG
bolus transit curve according to a derivative of the Sapirstcin bolus fraction principle (Pcrbeck
etal.. 1985).
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1
Figure 6 summarises the NIR absorption spectra from the four chromophores routinely stuced
within this thesis.
MO -I» 811) 110 I»IO MO »!0 940 1040
Wavelength (nm)
Figur« 6. Absorption spectra of oxyhaemoglobin (HbOJ, deoxyhaemoglobin (Hbl,
oxidised cytochrome oxidase (Cu,) and indocyanine green (ICG).
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The microsphere technique as a reference for cerebral
blood flow measurements
Since validation of an application needs the comparison with an established technique measuring
the same variable, we chose to compare our ICG-bolus derived blood flow index with microsphere
blood flow measurement. This technique was first introduced by Rudolph and 1 Icymann in l%7.
They used radionuclide labelled microspheres for organ pcrfusion in sheep foetuses. The use of
different isotopes allowed multiple flow assessments. An important improvement to the technique
was the use of an arterial reference sample enabling the calculation of absolute blood flow in the
region of interest (Makowski et al., l%8). Application of this technique in rats followed soon
thereafter (Mendell and Hollenberg. 1971; Rakusan and Hlahitku. 1974. McDevitt and Nies,
1976). Early studies again using radioactive microspheres have then investigated the minimum
requirements for the microsphere blood flow techniques (Buckberg et al., 1971; Reneman et al.,
1975: Flameng et al.. 1977). Novel techniques derived from the radioactive microsphere flow
assessment have been described (for review: Prinzen and Bassingthwaighte. 2(M)0). Instead of
using radiolabeled microspheres, dye filled microspheres were introduced. Different methods
using fluorescent (Glenny et al.. 1993; Austin et al.. 1993; Mori et al.. 1992; Morita et al.. 1990)
or non-fluorescent dye (Kowallik ct al., 1991; Hale et al., I9XX) labelled microspheres have been
developed. The approach first published for coloured microspheres by Kowallik and co-workers
(1991) has become widely used even for fluorescent dyes (Abel et al., 1993; Glenny et al.,
1993). It consists of detecting the concentration of one or more dyes with a spectrophotometer
after recovery of the microspheres from the tissue of interest and extraction of the dye. This
methodology using coloured microspheres has among others, been used tor the study of CHI-"
before and after balloon-dilatation induced brain death in rats (Herijgcrs ct al., 1996).
Although yielding a relatively good measurement and spatial resolution of blood flow in the
region of interest, the tissue from the region of interest is destroyed by the digestion step
necessary for the retrieval of the microspheres, thus preventing further examination of the tissue.
Since we were interested in both rC'BF and the histology in certain pathophysiological conditions
we developed a fluorescent microsphere rCBF measurement that also allowed histological
examination of the tissue.
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Adjuvant physiological parameters to assess cerelral
perfusion and metabolism
Since therapeutic regimen are often instituted on the basis of ICP values, it is of interest to cortoim
the NIRS technique with the assessment of intracranial pressure (ICP) and cerebral metzjolk
rate of oxygen (C'rnrO,). ICP is a very relevant factor when studying certain pathophysiolaica
situations such as closed head injury. ICP can be measured using an accurate ICP snsa
(Codmann ICP Ncuro microsensor) with a diameter of 1.2 mm. However, implantation c' the
ICP probe in the cerebral cortex may induce unwanted changes in NIR light scattering an«
elicit cortical spreading depressions with consequent unwanted hacmodynamic and metabolic
alterations. Therefore, the sensor should be implanted preferably in other structures. Tht
accuracy of ICP measurements in normal and pathological conditions and possible interfernce
with NIRS measurements are to be evaluated and the most appropriate implantation technque
and location selected. ;
The second parameter, CmK),. can be calculated from arterial and venous oxygen saturation ol
the blood and cerebral blood flow using the following formulas:
avDO, = 1.34 x [Hb],,,^ x (SaO, SvO,) j
CmrO, = avDOj x CBF
In the clinic avDO, in brain is assessed from the calculated oxygen content of an arterial and
a jugular bulb venous blood sample. Due to the anatomy of the rat jugular vein it is difficult to
take venous blood samples at this site. Our attempts for cannulation of the maxillary vein failed
In this type of preparation the ear bars of the stereotaxic apparatus hindered the outflow of the
cannula. Finally a sagital sinus cannulation was achieved and allowed venous blood sampling
from the rat brain.
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Aim of this thesis
I he aim of this thesis was to develop a cost-effective method for the simultaneous monitoring
i>!'cerebral oxygenation. perfusion. intracranial pressure and metabolism in small experimental
.mimals by means of near-infrared spectroscopy
State of the art of NIRS: evaluation and shortcomings
In a first study 'state of the art' NIRS equipment was used to study the effect of nitric oxide
-\iuhase inhibition on cytochrome oxidase (Chapter 2). As this initial study, the opportunity
uas created to define the shortcomings of the technique. Major shortcomings were the lack of
\alidation of cerebral blood flow assessment by the NIRS technique and of the measurement of
metabolic rate of oxygen. Another shortcoming was the lack of simultaneous measurement of
intracranial pressure together with NIRS-analysis of cerebral blood How. Intracortical pressure
measurements in combination with NIRS-studics arc not possible for technical reasons, und
alternative pressure monitoring positions in the brain have to be determined. At last, the degree
of cerebral damage by itself will limit the accuracy of the determination of cerebral metabolic
rate by NIRS measurement.
It can be expected that a high proportion of irreversible cell death, edema associated with no flow
conditions and low metabolic rate in the area of interest will influence the accuracy of the NIRS
measurement. Therefore, early and easy assessable factors such as arterial and venous blood
gasses. pH. haemoglobin concentration, brain temperature and mean arterial blood pressure can
be assessed on their predictive value for the determination of the critical threshold for accurate
metabolic rate estimation with NIRS.
I
Reliability: validation of the NIRS technique for CBF assessment in the rat
'State of the art' NIRS equipment and injections of a non-toxic, spectroscopically detectable
tracer (ICG) has not been extensively used and validated in small laboratory animals. This made
this technique cost ineffective and not readily applicable in larger prcclinical pharmacological
studies. Injections of indocyaninc green (ICG) in order to obtain a cerebral blood flow
measurement with the multi wavelength NIRS was incompletely studied and needed further
development. A major draw back of this technique in contrast to its use in piglets is the fact that
no absolute flow data could be derived from the ICG bolus in small animals, because of heart
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rate induced limitations of the currently available ICG detecting pulse oxymeters. A qualitative
measure of cerebral blood flow can be achieved by the use of a cerebral blood flow index (BFIJ
which, however, had not been used nor validated in the rat (Chapter 3). BFI^ is calculated by
deviding the amplitude of the bolus passage curve by the rise time, both obtained with NIRS,
combined with body weight. Therefore, in the rat we compared body weight corrected BFI
with absolute flow data obtained by means of an established microsphere flow measurement
technique in a wide range of cerebral blood flow values (Chapter 5).
An important draw back of the currently available microsphere techniques is their incompatibility
with histological assessment of cerebral structure in the areas of interest. Indeed, tissue digestion
is a fundamental step in microsphere retrieval. Therefore, we implemented the use of a
fluorescent microsphere based flow technique to study microsphere distribution in histological
sections of the rat brain (Chapter 4).
Simultaneous monitoring of cerebral pressure and perfusion
Besides cerebral blood flow, intraeranial pressure (ICP) is an essential parameter in the
assessment of severe head injured patients and as such this clinically relevant variable should be
readily applicable in a rat model. I lowever. introduction of the ICP probe often induces bleeding
and NIRS requires a preparation completely devoid of any massive intraeranial bleeding or
haematoma in the cerebrum. In order to avoid this bleeding in the area of NIRS measurement
another approach for ICP assessment was studied: the intracerebcllar pressure measurement.
Ihis alternative ICP measurement, not causing any problems for NIRS measurements in the
cerebrum, was compared to the standard cerebral measurement (Chapter 6).
Cerebral oxygen metabolic rate measurement by NIRS: feasibility and limitations
Besides the previously discussed clinically relevant variables, study of the cerebral metabolic
rate of oxygen is also a necessity. Because arterio-venous oxygen saturation difference is an
essential factor to calculate metabolic rate of oxygen, a venous blood sample from the cerebrum
is a prerequisite in those experiments. The technique of a bleeding free sagital sinus cannulation
combined with IC(i flow assessment has been worked out for the study of cerebral metabolic
rate of oxygen (Chapter 7). In a first approach we evaluated the influence of pentobarbital and
closed head injury (l-ngelborghs et al.. 1W7 and 2(HK); De Mulder et al.. 2000) on the general
physiological variables as well as on more important cerebral variables such as BFK avDO. and
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f
CmrO,. Furthermore the correlation between venous blood oxygen saturation (SvO,) and the
NIRS derived cerebral blood oxygen saturation (SmcO,) was studied to verify the assumption
that NIRS is measuring a mixture of minor proportion arterial and large proportion venous blood
(Watzman et al.. 2000).
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Abstract
In this study, near infrared spectroscopy was applied to examine whether cytochrome oxidase
in the rat brain is inhibited by nitric oxide 'in vivo'. During normoxia, intravenous 1-NAME
administration significantly decreased the cerebral saturation of haemoglobin with oxygen but
did not alter the cytochrome oxidase rcdox state. Anoxia significantly reduced the cytochrome
oxidasc. The time course of the recovery of the redox state during reoxygenation was not altered
by I-NAME. Our results suggest that in adult rats cytochrome oxidase is not inhibited by NO,
neither in physiological conditions nor during reoxygenation after a brief anoxic period.
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Introduction
Nitric oxide (NO) is a competitive inhibitor of cytochrome oxidase. the terminal enzyme of the
electron transport chain. In cultured synaptosomes. oxygen consumption can be inhibited by NO
at physiological concentrations particularly at low oxygen tensions (Brown and Cooper. 1994).
For this reason it has been proposed that nitric oxide could be a physiological modulator of the
oxygen affinity of cytochrome oxidase "in vivo' (dementi et al.. 1999). This has been supported
by the apparent decrease in the oxygen affinity of cytochrome oxidase 'in vivo' compared to
mitochondria! suspensions (Kreisman et al., 1981; Hempcl et al.. 1977) and the increase in
whole body oxygen consumption during systemic inhibition of NO synthase (NOS) (Shcn ct
al.. 1994).
Measurements of CBF and C'MRO, during NOS inhibition in the rat (liorvath el al.. 1994)
and piglet (Greenberg et al.. 1994) have shown decreases in CHI- but no change in oxygen
consumption at normocapnia. A more sensitive technique would be to measure the redox centres
of cytochrome oxidase or the redox state of cytochrome c, which have been shown to become
more reduced during inhibition in mitochondrial suspensions (Cassina and Radi. 1996) and
isolated cardiomyocytes (Stumpe et al.. 2001).
Using full spectral near infrared spectroscopy (NIRS), we observed in preliminary experiments
that in the brain of adult rats the copper A centre (Cu^) of the cytochrome oxidase is reduced
during the reactive hyperaemia after a brief period of anoxia (unpublished results). Previously
it was shown that during reperfusion after ischaemic hypoxia. NO tension increases to levels
shown to inhibit oxygen consumption 'in vitro' and that this release can be inhibited by l-NAMIi
(Malinskietal.. 1993).
The aim of this study is to determine 'in vivo" whether NO inhibits cytochrome oxidase in the
brain under normal physiological conditions and during the reactive hyperaemia arter a brief
period of anoxia.
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Materials and methods
Animal housing and treatment conditions complied with European Union directive # 86/609 or
animal welfare.
Twelve male Sprague-Dawley rats (360-460 g) were anaesthetised with isoflurane (1.5 %)
intubated and ventilated with a 30:70 oxygen: nitrogen gas mixture. The left femoral artery was
cannulatcd for arterial blood sampling and monitoring of the MABP and heart rate, and the lefi
femoral vein for injection of I-NAME solution (Sigma Pool. Dorset, UK). The rats were fixed ir
a stcreotaxic apparatus, the parietal and temporal bones exposed for application of the optodes
as described previously (van Rossem et al., 1999a). After surgery, the animals were allowed to
stabilise for at least 1 hour and then the rats were subjected to a 70 s period of anoxia. After 40
min of recovery, a second anoxic period of 70 s was performed followed by a 10 min period
of recovery. Then, a terminal anoxia was applied. Six rats received a 30 mg/kg bolus (i.v.) ot
I-NAME 30 min before the second anoxia. Six control animals obtained an equal quantity ol
saline. Hlnod samples for blood i>as analvsis (ABL5O5 Radiometer rone.nha«e.p DerunarJf»
were collected 1 mm before each period of anoxia.
The NIRS system and algorithms have been described previously (Springen et al.. 2000). NIR
spectra were collected contiguously with a period of 50 ms and twenty spectra were averaged
to give a time resolution of I second. Absolute changes in the concentration of oxyhaemoglobin
(|llb(),|). deoxyhaemoglobm ([Mb]) and oxidised C'u^  ([Cu J ) were calculated from the change
in attenuation between 7X0 and 900 nm (Cope et al.. 1989; Matcher et al.. 1995) and normalised
to the baseline optical pathlcngth measured from the 840 nm water feature using 2™* differential
analysis (Matcher and Cooper. 1994). Assuming a 85 % water content the absolute concentration
of lib was obtained from 2'"' differential analysis and normalised to the pathlcngth obtained from
the 740 nm water feature. The absolute [lib] and absolute changes in [HbO.] and [Cu J were
monitored on-line. Absolute [HbO,] was back-calculated taking the value after terminal anoxia
as /em. Total haemoglobin ([HbT]) was calculated as the sum of [HbO,] and [Hb], and mean
cerebral saturation of haemoglobin with oxygen (SmcO,) by the following formula: ([HbO,] /
[HbT])x 100.
Differences between groups were evaluated using the Wilcoxon-Mann-Whitney midrank
sum test. Differences within groups were evaluated using the Wilcoxon matched-pairs
signed-ranks test.
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Results
Table 1 shows the physiological data obtained before the pretreatment and posttreatment anoxic
periods. No significant differences were found between groups at the onset of the experiment.
Pre-treatment NIRS parameters were also comparable between groups (Table 2) except for
[HbT] which was on average 10 nM lower in the l-NAMh group (p 0.041).
Table I. Physiological \anablcN before the first (PrctrcatmcnO and second (I'mltrcaltncnO anoxia
Weight (|i I
MABP(mmll*!>
Arterial pH
P«C O: (mm llg)
Pa();(niniM|!l
Control (n-6)
Pretrealnxiil
424 i 23
«3 ; 9
7.43 i 0 03
44 5 t 3 9
IIS 3 l 10 3
Posttrcatntem
1«) i 15
7.43 t 0.02
43.2 i 3.1
119 3 t 13 6
I-NAMI- (n-*)
I'rctrvatmcnt
3>N i 25
H3 » H
742 J 001
44 K i l l
I09.9 1 I7.3
IVsltreatmcnt
I I5 • 5»
7 411 0.02
44 K i 3 1
110 5 i 13 4
Dala arc represented as mean ; SI) HUKHI pressure and blood gases were measured I nun be lote i
of anoxia, 'significantly different (p < 0 05) from prc-Ireatmcni in (he same group.
Table 2. NIRS parameters I mm betöre and 3 and 10 min a Her onset ol a 70 s period ol tuioxta
|Hb](MM)
| H M ) . . | ( M M )
|HbT| ( M M )
SmcO; (•'.)
( ontrot
l-NAMr-
Contrül
I-NAME
Control
I-NAMK
Control
I-NAMF.
T -1 min
ftorr«
27.8»
25.0 <
82.5 4
75 3 i
110 3
996 >
74 8 t
75 6 t
2.7
28
7.1
3.6
. 9 5
3 2«
1 0
2.3
25 6 *
27.7i
79 0»
64.4«
1046
92 1.
75 4 «
69 9 »
iinctil
26
32
7.5
4 6 *
. 87
6 6
2.1
2.3«
T- 1 min
Plcliralmcm
19.1 4
15 5 .
115 6
1092
M4 7
124 7
85 8 i
» 7 5 .
26
2.It
t 9 3
• 6 8
. 10 9
; 66
1.3
IS
p.«,™.
19 0 4
2 1 9 .
113 6
106 4
132 6
12X2
85 7 »
83 0 »
27
2 6«
t 8 5
. 4 3
«93
i 5 6
18
1.6«
T 10 mm
28.9 i 2.2
26 1 i 2 0t
75.2 » 8 6
69 2 i 2 9
104 1 • 9 6
95 2 l 3 5
72 1 »25
72 6 ) 18
IWtlCB
28 7»
33 0 i
72 1 i
65 4 .
100«
98 4 i
71 3 l
66.5»
m m
43
3 9«
11.3
63
I 1(14
9 1
5 1
22*
Data are represented » means « SD. I lib] deoxyhacmogloinn concentration. |rlM),|:
oxylucmoglobin concentration. |HbI] total haemoglobin coiKcntration: SmcfJ., the derived
saturation of haemoglobin with oxygen. T: time relative to the onset of anoxia. * »igmfkantly
different (p • 005) from prc-trcatment in the same group. • ugnilkanlly different from pre-
trealmcni control group.
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Figure 1. Mean time course (mean t SO) of NIRS variables during and after a 70 s period of anoxia for the control (A) and
I-NAME (B) treated group. The left panels are before and the right after administration of saline and I-NAME respectively
In part A as well as part B upper panels show oxyhaemoglobin (IHbO.ll. deoxyhaemoglobm (|Hb)l and total haemoglobin
(IHbTj) concentrations in red. blue and purple respectively Lower panels show changes in cytochrome oxidase redox
state (A|CuJ) in time Time zero indicates the onset of anoxia
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During anoxia and reoxygenation. the changes in haemoglobin parameters and [CuJ showed
a similar pattern in all animals. Figure I shows the mean time course of these changes for
the control and I-NAMH treated group, both prctreatment and posttrcatment. No significant
differences were noticed between the control and I-NAME group. Immediately alter onset of
anoxia, [HbO,] dropped to zero whereas [Hb] increased. [HbT] gradually increased during
anoxia. After reoxygenation [HbO,] rapidly increased to levels more than 40 ^M above baseline
level whereas [Hb] decreased to approximately 10 |jM below baseline, resulting in a further
increase in [HbT]. All haemoglobin parameters gradually recovered. |C"u J significantly changed
during anoxia and reoxygenation. After the onset of the anoxia [Cu J rapidly decreased down to
approximately 3 uM below baseline level. Immediately after the onset of reoxygenation (CuJ
increased to approximately I uM below baseline level. The complete recovery of [CuJ took
about as long as the recovery of the haemoglobin parameters.
In the control group pretreatment and posttreatment values of arterial blood pressure, blood
gases, [CuJ and brain haemoglobin parameters were comparable. Administration of I-NAME
induced a significant increase in MAUP (p = 0.028) and a significant decrease in |Hb(),) (p
0.031) and SmcO, (p = 0.031) (Table 1 and Table 2). No changes in [Cu J were noticed. I-N AMI'
did not alter the changes in NIRS parameters during anoxia but induced a small but significant
increase in [Hb] during the hyperaemic phase following reoxygenation (Table 2). The decrease
in SmcO, induced by 1-NAME before anoxia was maintained during the hyperaemic phase.
Table 3 shows the changes in [CuJ during and after anoxia. No significant differences within
or between groups were observed. The decline in [CuJ during anoxia, plotted as a function of
the SmcO,, was comparable before and after treatment with either saline (control) or I-NAME
(Figure 2). As interference with other chromophores might influence the [CuJ signal (Cooper
et al., 1994). a decrease was regarded significant when it was more negative than -0.5 uM. The
critical saturation level at which the decline became significant was comparable between the
first and second anoxic period in both the control group (9.69 ± 2.05 % and 11.61 i 2.11 %
respectively) and the I-NAME group (10.80 ± 1.92 % and 14.09 ± 7.88 % respectively). A
marked increase in the critical saturation was noticed in only one animal of the I-NAME group.
The statistical analysis showed no significant differences between groups.
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Table 3 Changes in concentration of oxidised CUA
during and after a 701 periods of anoxia.
before.
T* -I min
T - 3 min
T- 10 min
M u change
during anoxia
C'onlrol
I-NAME
C'onlrol
I-NAMK
C'onlrol
l-NAMIi
C'onlrol
I-NAMK
Pretrealmcnl
-0.02 i d.(X>
0 02 ± 0.03
-0 78» 0.22
•0 88 t 0.23
-0.17 *0.23
-0 15 i 0.13
-360 t 0.35
•3.40 t 0.33
Posnrcalmcni
-0.07 i 0.20
0.04 t 0.18
-0.89 ± 0.30
-10210.23
-0.27 t 0.29
-0.27 ± 0.27
•3.KOiO.4l
•3.45 * 0.58
hit.i in u-nrc*cnlcd a» mean i St). Changes arc relative to
baseline level al omel of the experiment. Negative \alues express
the reduction of Cu*. F: time relative to the onset of anoxia. No
significant differences could be observed between groups and
between pre- and post-treatment
20 40 60
SmcOjO*)
Figur« 2. Changes in cytochrome oxidase redox state (A(CuJ) observed during anoxia
and expressed as a function of cerebral haemoglobin saturation (SmcO.I for the control
(A) and I-NAME IB) treated group The red and blue curves were obtained respectively
before and after administration ol saline (A) and I-NAME (B). Bars indicate mean t SO.
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Discussion
I-NAME is a non-specific inhibitor of nitric oxide synthase (Hobbs and Gibson. 1990: Rees ct
a!.. 1990). Intravenous infusion at a dose of 30 mg kg produced a significant increase in MAPH
consistent with previous reports (Buchanan and Phillis, 1993; Prado et al., 1993). In the brain
I-NAME causes vasoconstriction, increased vascular resistance and decreased ("BF (for review
see: ladecola et al.. 1994). In the present study, a significant fall in [HbO,] and SmcO, was
observed after infusion of I-NAME. This is consistent with a decrease in (BF as a result of the
inhibition of cerebral NOS. Decreases in SmcO, of this magnitude do not alter the Cu^ redox
state (van Rossein et al.. 1999b). Hence, any significant direct effect of I-NAME on the C'u^
redox status should be noticed as such. The absence of a change in the redox stale of Cu^ after
injection of I-NAME indicates that in physiological conditions NO does not inhibit cytochrome
oxidase.
In preliminary experiments we observed a partial reduction of C'u^  during the hypcraemic
phase succeeding a brief period of anoxia (unpublished results). We postulated that during
reoxygenation NO is synthesised by cNOS and contributes to the vasodilation and partial
inhibition of cytochrome oxidase. Previously it was shown that NO is synthesised during the
reperfusion after middle cerebral artery occlusion (Malinski et al.. 1993; Sato et al.. 1994) and
after 60 min of hypoxia (Fujisawa ct al, 1999). In addition, "in vitro" experiments have shown that
in isolated nerve terminals and mitochondria NO clearly inhibits the respiration by competing
with oxygen at the oxygen binding site of cytochrome oxidase (Brown and Cooper, 1994,
Brudvig et al., 1980; Cleeter et al., 1994). The present study shows that a reduction in oxidised
Cu^ occurs reproducibly during and after a 70 s period of anoxia and that brain haemoglobin
oxygenation and Cu^ redox state completely recover within 15 min after reoxygenation. Prc-
treatment with 1-NAME did not alter the time course of changes in the C'u^  redox state during
and after anoxia and did not reduce the partial inhibition of Cu^ after reoxygenation. The time
course and magnitude of changes in haemoglobin concentration and oxygenation were neither
affected. This indicates that in adult rats NO does not play a major role in the vascular responses
during anoxia and reoxygenation and that NO is not significantly involved in the inhibition of
cytochrome oxidase in these conditions. In contrast to middle cerebral artery occlusion (Malinski
et al.. 1993: Sato et al., 1994) and 60 min. of hypoxia (Fujisawa et al, 1999), NO may not be
increased after a brief period of anoxia, or the changes in concentration of NO in these conditions
may not be sufficient to induce the same inhibitory effects as in 'in vitro' conditions.
From our data no conclusions can be drawn regarding the question whether NO derived from
iNOS inhibits respiration 'in vivo'. The model we apply should be iNOS free as uprcgulation of
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this enzyme can only be found several hours after an insult (Chatzipanteli et a l , 1999; Ikeno et al..
2000). Therefore, although NO may inhibit cytochrome oxidase ' in vivo' after prolonged insults
such as hypoxia-ischcmia, the data presented in this paper would suggest that NO derived from
cNOS activation docs not inhibit cytochrome oxidase under normal physiological conditions nor
during the reactive hyperacmia after brief anoxia. Other factors that may affect the redox state of
the cytochrome oxidase during reoxygenation include mitochondrial Ca" overload, O,-radicals,
ionic shifts, acidosis, or simply an increased oxygen demand that is not matched by the oxygen
delivery. Increased oxidative metabolism is likely to occur after a period of anoxia, as ionic shifts
over the cell membrane have to be restored (for review: Siesjo, 1981).
We conclude that, in adult rats, inhibition of NOS by I-NAME does not alter the vascular
responses, nor the partial reduction of cytochrome oxidase during and after a 70 s period of
anoxia. This indicates that NO is not a major determinant of the observed alterations in these
conditions.
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Abstract
In this study we evaluated the feasibility of measuring cerebral blood flow in rats by monitoring
the transit of an indocyaninc green bolus through the brain with multi wavelength near-infrared
spectroscopy. Different volumes of a 1 mg/ml indocyanine green solution (5 nl , 15 | i l , 25 p i , 50 nl)
were injected intravenously in the search for an optimal dose. Clear transit curves were obtained
with all doses and a blood flow index could easily be determined. The indocyanine green signal
obtained with the bolus of 5 |il rapidly returned to baseline and interfered minimally with the
haemoglobin and cytochromc oxidase signals. This dose was used in a second study to evaluate
the rcproducibility of the signal and the effect of hypercapnia. Two groups of rats received 7
repetitive boli of indocyanine green. In one group, 7 % CO, was added to the gas mixture before
the second, fourth, and sixth indocyaninc green injection. Hypercapnia consistently caused a
significant increase in blood flow index, cerebral haemoglobin concentration and O,-saturation.
In the control group these variables remained stable in time. We conclude that monitoring of
the transit of an indocyanine green bolus with multi wavelength near-infrared spectroscopy
can be used to assess cerebral blood flow qualitatively in rats in combination with continuous
monitoring of brain oxygenation.
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Introduction
In 1977 Jöbsis first used the relative transparency of brain tissue to the wavelengths ranging from
700-1 (XX) nm to measure tissue oxygenation and circulatory parameters non-invasively. Since
then this technique, known as near-infrared spcctroscopy (NIRS), has been further developed
and used in experimental and clinical conditions to monitor oxygenation of blood and tissue.
Related applications in brain include the measurement of cerebral blood flow in adults (Olsen
et al.. 1996) and preterm infants (Edwards et al., 1988). detection of intracranial hacmatomas
after head injury (Robertson et al., 1995), functional imaging in adults (Villringer el al.. 1993;
Tamura et al., 1997), quantitation of cerebral blood volume in infants (Wyatt el al., 1990) and
measurement of mitochondrial dysfunction via the cytochrome oxidase signal (Cooper et al.,
1999).
In our laboratory. NIRS has been used to investigate brain oxygenation after dosed head injury
in an experimental rat model (van Rossem et al., I999a>b) using a multiwavclength NIRS
system developed at the University College London (Cope et al., 1989; Matcher el al.. 1995). In
transmission mode, this system allows monitoring of the oxygenation of the whole brain of the
rat. Our aim was to use this system to assess cerebral blood flow (CBF) in rats. CHI- has been
measured by NIRS from acutely induced changes in haemoglobin oxygenation (Mlwcll et al.,
1994) but this requires equipment and procedures not readily applicable in rats. An alternative is
to measure the transit of a bolus of a suitable chromophorc.
Indocyanine green (ICG) is a non-toxic dye with a specific absorption spectrum in the near-
infrared range. Since its development in the Kodak Research Laboratories (Brooker. 1955; Fox
and Wood, 1960) and introduction in the clinical research in 1956 (Fox et al., 1956), many clinical
applications have been described for ICG. After i.v. injection, the dye is almost entirely confined
to the blood compartment and it has been used to measure plasma volume (Malier et al., 1993)
and blood flow in humans (Roberts et al., 1993; Ruokoncn ct al., 1993; Burggraaf ct al., 1998;
Roberts et al.. 1998). In rats, plasma and red blood cell transit through a region of the cortex was
assessed simultaneously by dual wavelength NIRS and single bolus injection of ICG (like et
al., 1997). ICG bolus transit detection with NIRS has been used to measure CUF quantitatively
in newborn piglets by simultaneous monitoring of the concentration of ICG in the brain and
the arterial blood by multiwavelength NIRS and ICG pulse oximetry, respectively (Springett
et al.. personal communication). The latter technique can not be applied in small laboratory
animals since the heart rate exceeds the frequency limit of the existing apparatus. Qualitative
measurements of CBF in pigs were performed by Kueblcr et al. (1998) who calculated a blood
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flow index from the IC'(j bolus transit curve according to a derivative of the Sapirstein bolus
fraction principle (Perbeck et al., 1985).
The aim of the present study was to evaluate the applicability of ICG bolus transit detection by
means of multi wavelength NIRS to assess changes in CBF in rats. Hypercapnia was applied
to induce these changes and the approach of Kucbler et al. (1998) was employed. Prior to this
evaluation, we determined the dose of IC'Ci providing a sufficiently large signal in the brain
without inducing unwanted cross-talk effects.
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Materials and methods
Animal treatment and preparation
Animal housing and treatment conditions complied with the European Union directive # 86/
609 on animal welfare. Thirty male Sprague-Dawley rats (Charles River, Sulzfeld, Germany)
weighing 380-430 g were used, ten in the first and twenty in the second series of experiments.
Anaesthesia was induced with 5 % isoflurane in 30 % O, and 70 % N,O during 5 min. After
endotracheal intubation, the isoflurane concentration was switched to 2 "<> and the animals were
surgically prepared. A silicon-tipped PE50 cannula was inserted into the right external jugular
vein towards the vena cava for indocyaninc green (ICCi) bolus injection. To monitor mean
arterial blood pressure (MABP) and heart rate (MR), the left femoral artery was cannulatcd.
The rats were fixed in a stereotaxic apparatus (Model 900. David Kopf. Tujunga. ( A . USA).
A thermistor inserted into the tip of an ear bar was used to measure the tympanic temperature,
providing an accurate measurement of brain temperature (Brambink et al., 1949; llaseldonckx
et al., unpublished results). A rectal thermistor probe was inserted to monitor body temperature,
which was controlled with a heating pad connected to a homemade temperature control unit. The
end tidal CO, (FtCOj and breathing rate were continuously monitored with an EtCO,-monitor
(Capnogard, Novametrix, Wallingford, CT, USA).
The parietal and temporal bones were exposed by removing the scalp, periosteum and parts
of the temporal muscles. Sites of possible bleeding were cauterised. F.mitting and receiving
optical fibres (3 mm diameter) were placed onto the right and left temporal bones, respectively
(frontal pole of the fibres at the level of the bregma, angle of ± 10° relative to both the coronal
and sagittal plane). To prevent blood entering the space between the skull and the optical fibre,
optical gel (Optical Gel code 0608. R.P. Cargille Laboratories Inc., Cedar Grove, New Jersey,
USA) was used to fill in this space. The skull was covered with black clay (Modelling clay No
8401, Eberhard Kaber GmbH, Neumarkt, Germany).
The isoflurane concentration was then switched to 1.5 % and this level was maintained till the
end of the experiment. Measurements were started 60 min after the induction of anaesthesia
and a stabilisation period of 10 min was allowed to obtain stable measurements. The NIRS
measurements were then started for 80 min. At the end of the experiment the animals were killed
by terminal anoxia.
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Ten rats were used in this study. The aim was to find an accurate ICG bolus yielding a good
balance between signal/noise and cross-talk between ICG and Hb signals. In each animal,
subsequent boli of 5 ul, 15 pi, 25 ul and 50 |il were given at respectively 10 min, 30 min, 50 min
and 70 min after the onset of the NIRS measurements.
In this second study hypcrcapnia was induced by adding 7 % CO, to the breathing gas mixture
(final mixture: 30 % ()„ 63 % N,O, and 7 % CO,). This results in an increased CBF in isofluranc
anaesthetised rats (Lee et al., 1995). A total of 20 rats were assigned to either a control group or
a COj stimulated group of 10 animals each. Starting at 10 min. after onset of the measurements,
all rats received 7 repetitive ICG boli of 5 ul with a 10 min time interval. In the CO, group, 7 %
CO, was added to the normal gas mixture from 5 min before until I min after the second, fourth,
and sixth ICG injection.
NIRS equipment
The NIRS equipment consisted of a CCD spectrophotomcter. NIRS software and algorithms,
all developed at the University College London (Cope et al.. 1989: Matcher et al.. 1995). The
absolute concentration of deoxyhaemoglobin ([Hb]) and the changes in the concentration of
oxyhaemoglobin (|Hb(),|) and the rcdox status of the copper A (CuJ centre of cytochrome
oxidase were monitored by application of multi wavelength spectroscopy (670-1000 nm) and
second differential NIRS (Matcher and Cooper. 1994). Taking the minimum value obtained
by the terminal anoxia as *ero. absolute [HbO,] was calculated. The total concentration of
haemoglobin [HbT] in the brain was calculated as the sum of [Hb] and [HbO,]. ICG has an
absorption peak at 805 nm (Landsman et al.. 1976) and can be measured by the same set up as
the ICG absorption spectrum is included in the algorithm. During ICG bolus transit detection the
sampling frequency was switched from 0.1 H/ to 10 Hz.
Indocyanine green solution
A I ml mg ICG (1R-125. laser grade: Acros, Geel. Belgium) solution was used in these studies.
The solution also contained 5 % bovine serum albumin (BSA fraction V: Sigma. Bomem.
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Belgium) to bind the ICG. The solution was then sterilised by filtration with a 0.22 |im filler unit.
If BSA is added ICG will not bind to the endothelium of the vascular wall and a clear passage
of the bolus can be detected. The ICG solution is also stable when BSA is added, otherwise self-
aggregation of the dye may occur (Cherrick et al.. l%0; Gentile et al..
Data analysis
AICG was calculated from the ICG bolus transit curve by subtraction of the baseline value before
injection (mean value of 20 measurements) from the peak value after injection. The rise time (At)
was measured from the first value where the ICG signal deviates from the baseline towards the
peak value. A blood flow index (BF1) was then calculated by dividing AICG by At (Kuehler et
al.. IWX).
An important part of the dose-finding study was to evaluate cross-talk between the ICG signal
and other NIRS signals during and after the ICG bolus transit. To have a measure of the duration
of these disturbances the time-interval between the peak of the disturbance and the point of
return to 10 % of its amplitude (t,J was calculated for [Hb], [HbO,], CuA and ICG.
EtCO, was monitored throughout the experiment. The mean EtCO, value of the last minute
before ICG injection was used as the value at ICG boli time points.
All the results are expressed as medians and 95 % confidence intervals [CT]
Differences between groups were evaluated using the Wilcoxon-Mann-Whitney midrank sum
test. Differences within groups were evaluated using the Wilcoxon matched-pairs signcd-ranks
test.
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Results
Table I summarises the physiological data at the onset of the measurements from both studies.
All these parameters remained stable during the experiments, except for EtCO, in the CO, group
of the second study.
Table I: Baseline values of physiological parameters at the onset of the NIRS measurement
Dose-finding study Cerebral blood flow responsiveness study
Control group CO» group
Weight (g)
MABP (mm Hg)
HR(BPM)
I-K'O. (inmllg)
T-brain ("O
412(394-426]
83.9 (68.9-96.5)
338(317-380]
43.5 (39.4-45.6]
36.1 (35.9-36.4]
3961374-411]
87.1 [80.9-96.2]
358 (328-380]
44.0(41.8-48.7]
36.5(36.3-37.1]
407 (399-432]
90.1 [81.4-98.2]
370(340-401]
46.0 [43.9-52.2]
36.5 [36.1-36.8]
Value* arc expressed u medians (93 % Cl). MABP: mean arterial blood pressure; HR: heart
rale; F.tCOj: end tidal CO.-, T-brain: brain temperature.
In the CO, group one animal was eliminated due to breathing problems after the fourth
K (i bolus.
Dose-finding study
Figure IA shows the ICG transit curves obtained from the four consecutive injections in a
representative animal. A clear dose-dependent increase in the amplitude of the ICU signal was
seen in all subjects. At did not change significantly with increasing doses. Figure 1B shows in
detail the curve obtained with the bolus of 5 pi. Note that the signal is 10 times smaller than the
one obtained with the bolus of 50 pi (Figure 1A). The BFI could easily be derived from each
transit curve (see Materials and methods).
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Figur« 1. Transit curves obtained with multi wavelength
near-infrared spectroscopy alter i.v. injection ol ICG boll
Four increasing volumes ot indocyanine green (ICG) were
injected subsequently: 5 pi, 15 pi. 25 pi and 50 pi A The
transit curves from 1 animal are shown superimposed on
one another, taking the time point ol the initial deflection
as zero. B. The ICG bolus transit curve from the 5 pi dose.
The signal-to-noise ratio is excellent. Two basic parameters
that can be derived, ICG and rise time (t), are indicated by
arrows.
As a consequence of the observed dose-dependent increase in AICG, the calculated fill also
increased dose-dependently, as is shown in Figure 2.
Figure 2. Blood flow index (BFI) data derived from the
indocyanine green bolus transit curves obtained with
different volumes of ICG iniected (5 fil, 15 ML 25 M' and 50
pi). The BFI increases dose-dependently (linear regression:
BFI = 6.239.10'Dose + 0.025IR= 0.9284)).
Figure 3 shows changes in the NIRS variables during the injection of an ICG bolus with a
volume of 5 jil. The detected changes in the [CuJ, [HbO,] and [Hb] arc immediate and last
shorter than the ICG bolus passage. Table 2 presents a summary of the t,^data. When 5 nl of ICG
solution was injected, the t^ for both [Hb] and Cu^ was much smaller than the t,„ for ICG. The t„,
for [HbO,] could not be determined accurately as the change in this signal was too small to have
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a sufficient signal-to-noise ratio. When larger volumes were injected, the t^ , for [HbO,] lasted
maximally 3.67 seconds whereas the t,^  for the other variables increased dose-dependently up to
several minutes. The largest t„, was observed for the Cu^ signal. ,
i I« 12 14 I» I* 20 2:
lime (»I
Figure 3. Changes in chromophores during the transit of a bolus
of mdocyanine green (ICG) through the brain after injection
of 5 | i ' of indocyamne green solution. Deflection from the
baseline levels can be observed in all the signals. Due to the
low signal-to-noise ratio the t^for HbO, can not be determined
accurately.
Tiiblc 2: l.«i(s)of NIRS signals after i.v. noli uf different ICO dosages
lll<
HbOj
Cm
l('(i
.1.1*7 |2 I8-/.M|
Nt)
2.69|I.9«-M4|
l( (i ISul
M(l[l7.8-<iX.5|
I.U|I.M)-I.<W|
121 H |7I S-IKOO|
W'|77.2-1OJ.4|
ICG 25 pi
92.7 |2.V7-123.0)
2.2« 11.78-2.77)
1)2.4 [I2O.9-232.I|
9).) 183.4-131.S|
ICG 50 ul
II3.6|74.O-I64.7|
2.83 [2.38-3.27)
346.7 1297.2-387.4)
122.6 [113.0-141.8]
Values urc expressed as medians (45 "o Cl] ND: nol dclcclahlc: lib: dcoxyhacmoglobin:
HbOs oxyluicnioglobin: l'ii\: the redox slule of the copper A centre of cytochrome oxidase;
l('(i: imlocyaninc green.
Cerebral blood flow responsiveness study
No significant differences in (he baseline values of the physiological parameters were found
between both groups (Table 1). Table 3 shows the EtCO, data from both groups. Seven percent
CO, breathing (hypeaapnia) consistently caused a significant rise in EtCO, (p < 0.005).
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Table 3: End tidal CO; at every ICG injection in the cerebral blood flow responsiveness study
ICG bolus 1" 2 " 3* 4* 5" h*
Control Group
Median •*•« •*•• « ' •••' 44 9 4 M
9 5 % C l (41 .8 -48 .7 ) (42 .4 -47 31 ( 4 I . 8 - 4 6 . 5 | ( 4 ] . 8 - 4 7 . 9 ) | 4 2 . 4 - 4 « 9 | | 4 2 < < < y ]
CO; group
Median
95% Cl
4*0
(4J9-52.2)
706»
(67.0-7J.0)
490
144.9-55.0)
72.7«
(69.9-77.0) |4,
49 4
44."
47 9
Values are expressed as mmllg.
* significantly different trom the value at the previous time point (p < 0.005).
Figure 4 shows the seven ICG curves from one randomly chosen animal. The measurements
during CO, challenges can clearly be distinguished from the measurements during normocupniu.
The curves obtained during CO, breathing have a higher amplitude of the R'(i signal and a
smaller At. Both effects contribute to an increased BFI.
— Hypcreapnia
Normocupni«
4 6
Time (s)
10
Figure 4. Indocyanine green (ICG) bolus
transit curves obtained during normocapnia
and hypercapnia Seven ICG bolus transit
curves from one randomly chosen animal
from the CO, group are shown Red curves
are the control curves lor this animal and
blue curves were obtained during 7 % CO,
breathing.
Figure 5A shows the BFI values obtained in both groups. A significant increase was observed
during 7 % CO, breathing (p < 0.01). The control values of both groups during normocapnia
(first, third, fifth and seventh ICG bolus) were not significantly different. Figures 5B and C show
the effects of CO, breathing on [HbO,] and [HbT], During the CO, challenges an increase in both
oxy- and total haemoglobin was observed (p < 0.005). During hypcreapnia dcoxyhacmoglobin
consistently decreased, but this decrease was always smaller than the concurrent increase in
oxyhaemoglobin (data not shown).
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Figure S. Near-infrared spectroscopy data
from the cerebral blood flow responsiveness
study. A. The blood flow indices (BFI). B. The
oxyhaemoglobm concentrations (|HbO,|) C.
The total haemoglobin concentrations (|Hbt]l
from both groups. Open and black dots
represent the medians of the control group
and the CO, group respectively Bars
represent the 95 % confidence interval. The
arrows indicate the time points when 7 % CO,
was added to the breathing gas mixture in the
CO, group. Hypercapma induces a significant
increase in all variables.
A last parameter calculated from the data was the percentage of increase in BFI per mmHg
of increase in litCO,. This value amounted to 1.831 [1.393-3.236]. 2.461 [0.992-3.487] and
1.576 (0.476-3.570] % / mmllg for the first, second and third CO, response, respectively. No
significant differences were found between these values.
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Discussion
In the present study we evaluated the feasibility of the transit detection of an i.v. ICG bolus with
multi wavelength N1RS in order to measure CBF in rats. Kuebler and co-workers (I9»)8) applied
four-wavelength NIRS to monitor regional CBF in a frontal area of the brain cortex of pigs and
calculated a relevant blood flow index from the ICG transit curve by dividing the amplitude
of the deflection by the rise time. We adopted this approach but used a slightly different
measurement of the rise time. Kuebler et al. (1998) took the time between 10 and 90 % of the
peak value, whereas we measured the time from the onset to the peak of the deflection. This can
be done accurately in our setting as application of a high sampling speed provides a clear onset
and peak of the transit curve.
Dose-finding study
This study shows that incrementing the bolus volume consistently results in a dose-dependent
increase in the amplitude of the ICG signal in each individual animal. The lowest dose
administered still provides a clear transit curve with a good signal-to-noise ratio allowing
accurate assessment of the BFI.
The rise time (At) was not significantly influenced by the dosage, indicating that at a given flow
the BFI is only AICG dependent. This implies that the amount of ICG injected has to be accurate
in order to enable comparison between different BFIs. In this respect, the rcproducibility of
repetitive BFI measurements in the control group of the second study is reassuring.
An important part of this study was the evaluation of the effect of the ICG bolus transit on the
other chromophore signals. In order to assess the ICG-BFI simultaneously with [Hb), [HbOJ
and the redox state of the Cu^ centre of cytochrome oxidase, the ICG bolus transits should be
clearly visible and cause only minor disturbances of limited duration in the other NIRS signals.
We used the t^ to evaluate this effect. Because the bolus with a volume of 5 (Jl induces only
short-lasting effects on the other chromophore signals and provides a good signal-to-noise ratio
for the ICG signal, we opted to use this dose for further studies. Due to interference with the
other chromophore signals, doses of 15 nl and higher should be discarded in studies where
continuous monitoring of the other chromophores is important.
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Cerebral blood flow responsiveness study
The EtCOj increased significantly after adding 7 % CO, to the breathing gas mixture. Significant
increases in BFI ranging from 16 to 98 % were found during hypercapnia. Using 7.5 % CO,
breathing in rats, Hstevcz and Phillis (1997) found a similar range of rCBF increase (20 to
KM) %) with Laser-Dopplcr probes. In order to evaluate the BFI response to hypercapnia in a
semi-quantitative way, we calculated its relative increase per mmHg of increase in EtCO,. The
values obtained at the three subsequent CO, responses were reproducible and in concordance
with those found in cat and rat by other authors (von Kummer, 1984; Leeetal., 1995), suggesting
that the measurement of relative CBF changes by our method is accurate.
During hypercapnia, other NIRS parameters also changed as compared to their control values.
The clear increases in [HbO,] and [HbT] are in accordance with a vasodilation found in the
cerebral vasculature of rats, rabbits, cats, dogs (Raper ct al., 1971, For review see: Iadecola et
al., 1994) and neonatal piglets (Springen et al., 2000a+b) in response to the hypercapnic periods.
The changes in end tidal CO,. BFI and NIRS chromophores during repetitive CO, responses
were all reproducible.
It is clear that this technique is suitable for the performance of repetitive measurements of CBF.
In case repetitive measurements are done, a proper time interval should be considered in order
to prevent accumulation of lC(i in the blood (see table 2). If long inter-bolus periods are applied
the number of ICC i boli is probably not limited. Other factors, for example the anaesthesia, may
then determine the duration of the measurements. We assume that it should also be possible to
inject a few small ICCi boli in a very short time period without significant accumulation of ICG
in the plasma. Probably, several repetitive CBF measurements with short intervals are feasible
when cross-talk with other NIRS signals is not a matter of concern.
Conclusion
We conclude that nuilti wavelength NIRS monitoring of the transit of an indocyanine green bolus
can lie used to assess cerebral blood flow qualitatively in rats. A bolus with a volume of 5 |il
of a I mg ml ICCi solution gives a good signal-to-noise ratio with only very small disturbances
of the other NIRS measurements. This bolus can be used to perform repetitive qualitative
measurements of CBF and also to measure changes in blood flow in a semi-quantitative way.
Validation of the technique is the subject of further investigation.
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Abstract
The aim of the study was to evaluate the microspherc technique for the quantitative assessment
of regional cerebral blood flow (rC'BF) at different time points in the same animal. Yellow-green
and red fluorescent microsphcrcs with a diameter of 15 urn were injected into the rat at two
different time points via a cannula inserted into the left ventricle of the heart. The reproducibility
of the K Bl measurements in normocapnic conditions (n 7) and the responsiveness of the flow
to hypercapnia induced by 7 % CO^(n = 7) was examined. The fluorescent spheres were counted
on KM) urn vibratomc sections of perfusion-fixed brains and rC'BF was calculated. The median
total C'BF in normocapnic rats was 224 ml/min/l(K)g for the first microsphere injection and 216
ml/min/10()g for the second one. In the hypercapnic group C'BF amounted to 400 ml/min/IOOg
and after 30 min of normocapnia decreased to 178 ml/min/IOOg. No differences between the left
and right hemisphere were found and there was no indication that the first injection might have
influenced the second one. The described approach allows combining the assessment of rCBF ai
different time points in physiological or pathological conditions with histological evaluation of
related morphological alterations in the same brain region of the same animal.
I
i
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Introduction
Since the outcome of neurological damage after stroke is generally determined by the residunl
regional cerebral blood flow (rC'BF) (for review: Dcmchuk and Buchan. 2000), accurate
assessment of rC'BF is needed for adequate interpretation and explanation of the neurological
sequelae in experimental conditions.
Novel techniques have been derived from the radioactive microsphere method as introduced
by Rudolph and Heymann (1967). Instead of radiolabeled microspheres. microsphcres labelled
with fluorescent (Glenny et al., 1993: Austin et al.. 1993; Mori et al.. 1992; Morita et al.. 1990)
or non-fluorescent dyes (Kowallik et al.. 1991; Hale et al.. 1988) are used. Another improvement
was the introduction of an arterial reference sample enabling the calculation of absolute blood
flow in the region of interest (Makowski ct al., 1968).
Since its introduction, this technique has been further developed (for review. Prinzen and Glenny,
1994). The approach first published for coloured microspheres by Kowallik and co-workers
(1991) has been extended to fluorescent dyes (Abel et al., 1993; Glenny et al., 1993). The method
is based upon detecting the concentration of one or more dyes with a spectrophotometer aller
recovery of the microspheres from the tissue of interest and extraction of the dye. Coloured
microspheres, for example, have been used to study CBF before and after balloon-dilatation
induced brain death in rats (Herijgers et al., 1996).
Although providing a relatively good estimate of blood flow in the region of interest with a good
spatial resolution, the tissue from this region is destroyed by the digestion step necessary for the
retrieval of the microspheres, thus preventing further examination of the tissue. Since it is of
interest to relate rCBF to neurological damage in pathophysiological conditions, we developed
a fluorescent microsphere method to assess rCBF that also allows histological examination of
the tissue.
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Material and methods
The following protocol is the final protocol, achieved after several changes which will be
described in the result section.
The study was performed on 14 male Sprague-Dawley rats weighing 360-430 g. Anaesthesia
was induced with 4 % isofluranc in 30 % O, and 70 % N,O during 5 min.. After endotracheal
intubation the animals were kept on 2 % isofluranc and immobilised on a home made heating
pad. The left femoral artery was cannulated (PI:50) for arterial blood sampling and monitoring
of mean arterial blood pressure (MABP) and heart rate (HR). A PKIU cannula was inserted into
the left ventricle via the right brachial artery (Nakai et al.. 1990). After surgery the rats were
maintained on 1.5 % isofluranc until the end of the experiment.
MAW' iind I IK. end tidal CO, (1-tCO,). breathing rate. (), -saturation of arterial blood and both
rectal and ear temperature were continuously monitored and recorded
A thermistor inserted into the ear was used to measure the tympanic temperature, providing
an accurate measurement of brain temperature (Brambink et al.. 1999). A rectal thermistor
probe was inserted to monitor body temperature, which was maintained at 37 °C (± 0.5 °C).
using a homemade temperature control unit connected with the heating pad. The end tidal CO,
(HtCO,) and breathing rate were continuously monitored with an EtCO,-monitor (Capnogard.
Novamctrix. Wallingford. CT, USA). The O, saturation of arterial blood was measured by
n pulse oxymeter (Nonin. X600V) suitable for rats. Together with MABP and HR the above
described variables were continuously monitored and recorded.
The animals were randomly assigned to one of two groups. The control group received two
microsphere injections. The first and the second injection were given 10 and 40 min. after the
start of the experiment, respectively, lo r the CO, group the protocol was the same as in the
control group except that the animals started breathing 7 "o CO, (final mixture: 30 % O,. 63 %
N,O. 7 "« CO,) 5 min before the first microsphere injection; CO2 breathing was continued
during this injection and was stopped thereafter. The animals were normocapnic at the second
microsphere injection. Three bUnxl samples were taken for blood gas analysis. The first blood
sample was taken one minute before the start of the experiment and the second and last one
minute before the first and last microsphere injection, respectively.
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Two colours, yellow-green and red, of 15 urn fluorescent microspheres (Molecular Probes) were
used. The order of injection was randomised. Prior to injection the microspheres were sonicated
for 5 min. and vortexed for 30 seconds. A reference blood sample was withdrawn for 2 min from
the left femoral artery, using a pump (Harvard apparatus. Infusion Withdrawal pump. South
Natick. Massachusetts. USA) at a flow rate of 0.566 ml min. When the first blood entered the
syringe, a 100 (il bolus containing approximately KM).(MM) microspheres (Molecular Probes)
was injected into the left ventricle over a 20 s period. The catheter was then flushed with 0.5 ml
saline for another 20 s. The blood sample was transferred into a plastic test tube and the syringe
was rinsed with saline. One ml of a 16 N KOH solution was added and the blood samples were
digested overnight. The next day the samples were filtered using 25 mm diameter polyester tiller
membranes with a 10 pm pore size (Triton technology). The filtrate of the microsphere samples
was filtered again twice, so 3 filters were obtained for each sample. These filters were mounted
on microscopic slides with Aquamount (BDH Laboratory supplies) and a coverslip (24 x 32
mm).
After the second microsphere injection the recording of all physiological parameters was ceased
and the rat was killed by transcardial perfusion with a 4 % formalin solution at room temperature.
The animals were perfused for 10 min. after which the brain and both kidneys were immersion
fixated in 4 % formalin. The brain and kidneys were cut into 100 urn slices and each 4 subsequent
slices were put on microscopic slides. Unmounted and uncoloured tissue sections were then
analysed by visual counting. The number of yellow-green and red microspheres was counted and
the slice surface measured with an image analysis system (Optimas 6.1. Optimas Corporation.
Washington, USA). The left and right cerebral hemispheres were counted separately. The slice
surfaces and the slice thickness then allowed calculation of the volume (mm') of the examined
area. The filters were also counted by visual counting. The total amount of yellow-green and red
microspheres was then calculated from the 3 filters for each colour per rat.
Cerebral and kidney blood flow were calculated with the following formula:
Q = ((FR x CT) / (CR x VT)) x 10*
where
0 = flow in ml / (min x 100 cm')
FR = flow rate reference sample (ml/min)
62 Chapter 4
CR = microsphere count in reference sample
I T microsphere count in tissue
VT - tissue volume (mm')
If left and right kidney flow differed more than 10 % the rat was excluded because of inadequate
microsphere mixing. Left and right cerebral hemispheric blood flows were calculated separately
to detect possible left/right differences that may occur i f the left ventricle canulla blocks the
Ich common carotid artery. Total cerebral flow was calculated as the mean of both hemispheric
flows.
Induction and evaluation of incomplete ischemia of the brain
This procedure has been described previously in detail by Haseldonckx and co-workers (1997).
In short, fasted male Wistar rats of approximately 300 g were used. A catheter was inserted into
the right jugular vein and both common carotid arteries were dissected free from the surrounding
tissue. Incomplete ischemia could than be induced by clamping both common carotid arteries
combined with simultaneous hypovolemia by rapid bleeding through the jugular vein until the
MA HP dropped to 35 mmHg. This blood pressure was maintained over 9 min and the isehemic
period. When this protocol was used the first microsphere injection was performed at least 15
min aller termination of the surgical procedure or 10 min after the first normal blood sample
analysis. Induction of ischemia started 10 min after the first CBF assessment. The second
microsphere injection was performed at 7 min. of ischemia. The blood loss caused by reference
blood sampling was counterbalanced by simultaneous saline infusion at the same rate. The
isehemic period was ended by removal of the clamps and re-in fusion of the blood. Sodium
bicarbonate (0.5 ml. 0.6 M) was injected intravenously, and the animals were allowed to recover
in an acclimatised room. Three days survival was allowed for isehemic damage maturation, after
which the brains were fixed by transcardial perfusion with 4 "o formalin. After post fixation with
4 % formalin. 100 urn sections were cut as described above.
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Adjacent tissue samples from the hippocampal CA1 region were dehydrated in graded series of
alcohol and embedded in epoxy resin. For light microscopic evaluation. 2 urn thick sections were
stained with 0.1 % toluidine blue for 45 s and mounted with pertex.
Statistical analysis
All the results are expressed as medians and 95 % confidence intervals (Cl). A two-sided
Wilcoxon-Mann-Whitney rank-sum test was used for analysis between groups. Two-sided
probability values of less than 0.05 were regarded as statistically significant. A Wilcoxon signed
rank test was used to test whether the differences between measurements at diflerent timepoints
were significantly different from zero (p < 0.05).
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Results
Table I shows the data from a preliminary experiment, in which the yield of subsequent
filtrations was studied. Since the number of microspheres in the brain tissue was not subjected to
possible microsphere loss occurring at the filtration, the reference sample filtration needed to be
very accurate. The total number of five filiations (n = 7) was considered as 100 % and the yield
of the fifth filtration was 4 11-6| on a total of 275 [252-303] microspheres. As shown in the table
a substantial loss of microspheres was observed when only I filtration was performed. Three
subsequent filtrutions are necessary to obtain an accurate microsphere count from the reference
sample.
(able I. Median yield in percentage of (he expected value after subsequent nitrations of both
colours of microspheres used.
lni. i l .iinoiini <>l l i l i i . i i iniis Y e l l o w - e i o e n m i c r o s p h e r e s Red microspheres
1 89.59% 85.10%
2 94.75 % 94.28 %
3 97.33 % 97.32 %
The total yield obtained from 5 subsequent nitrations was set at 100 %. The maximum
number of microspheres on the fifth filter was 6 (< 2 % of total amount).
The weights of the animals and the results of the blood gas analyses are shown in table 2. The
weights were not different between both groups. During CO, breathing arterial CO, and O,
pressure were significantly different from the values before CO, breathing and from values in the
control group. Both groups showed a small significant decrease in pH at the third measurement,
but the pi I values were all within the physiological range. The CO, group showed a larger
significant decrease out of the physiological range during the addition of 7 % CO, to the
breathing gas.
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Table 2. Physiological data at 3 timepoints during the measurements (n ~ 7 in each group).
Weight (g)
PaCO; before CO: (mmHg)
PaCO; diihngcü: (mmHg)
PaCO: »HerCO.. (mmHg)
PaO; before CO; (mmHg)
PaO: dunng CO; (mmHg)
PaO; after Co.- (mmHg)
pH before CO;
pH during CO;
pH alkr CO;
Control group
388(362.418]
43.1 [39.5.45.7]
41.6(37.7.46.2]
42.7 (39.7. 50.7]
124(105. 158]
122(104. 156]
126(102. 146]
7.41 [7.38.7.44]
7.41 [7.38.7.45]
7.40 [7.34, 7.44] t
CO.- group
401 [377.424]
41.0(36.2,45.7]
57.0 [47.4. 64.9]t
42.9 [38.3,43.3]
127(94.3. 145]
160(125. I75]t
135(109, 151]
7.43 [7.40. 7.47] t
7.32 [7.29. 7.34] t
7.41 [7.35, 7.45] t
p-value
0.3176
0.2686
0.0006
0.5350
0.8788
0.0122
0.5122
0.7786
0.0006
0.7104
Values are expressed as median [95% Cl]. PaCO;: partial pressure ol ('()• in .nkn.il blood;
PaO;: partial pressure of O; in arterial blood. Indicated p-values from the Wilcoxon-Mann-
Whitney comparison between the control and CO; group. + indicates significant difference
(Wilcoxon signed ranks test) from both other measurement of the same variable.
The 6 panels in figure 1 each show another physiological variable monitored throughout the
entire duration of the experiment. Both heart rate and MABP tracing show perturbations at 10
and 40 min. These decreases are artefacts caused by disconnecting the femoral artery catheter for
reference blood sampling. During the addition of 7 % CO, to the breathing gas mixture a clear
increase in end tidal CO, (EtCO,) can be observed in the CO, group, this in contrast to the stable
EtCO, in the control group. At the time of the first microspherc injection (10 min) the HtCO,
level of the CO, group has reached a stable plateau level. The sudden decrease in breathing rate
observed in the CO, group is an artefact caused by a temporary impossibility of the equipment
to calculate the breathing rate during the increase in EtCO,. For both groups the O,-saturation
of arterial blood and the rectal temperature tracings arc comparable and well within normal
physiological ranges.
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Figure 1. Every twentieth
median value of the tracings
trom the different parameters
from both groups (n = 7) The
full line represents the median
tracing of the control group
and the dotted line the median
tracing of the CO, group
(MABP: mean arterial blood
SaO,: arterial saturation of
haemoglobin with 0,).
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Figur« 2. A Median flow data In = 7) and 195% Cl| as assessed in both hemispheres during hypercapnia induced by 7%
CO, bienthing B Flow data from the same animals 30 mm after termination of 7% CO, breathing
The absence of differences between left and right hemispheric flow, a prerequisite for adequate
C'BK measurement, is illustrated in figure 2. All data in this figure are obtained from the CO. •
group. Also in the control group there were no differences between both hemispheric CBF's
(first I'M- assessment: 2(W (W-32J] vs. 2.W [ 187-31»)] ml min 100g (p - 0.6875): second CBF
assessment: 237 [ 158-466] vs. 207 [152-513] ml min 100g (p - 0.6875)). Panel A shows the flow
data from both hemispheres during hypercapnia-induced flow increase. Panel B shows the flow
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data 30 min. after this hypercapnia when the animals had returned to their initial PaCO, levels.
Paired testing of both data sets did not show any difference between hemispheric flows during
either hypercapnia or normocapnia. The flow increases were similar in both hemispheres. Using
the same data in regression analyses also yielded a good correlation between both hemispheric
flows as illustrated in figure 3. The slope of the regression line did not differ from I (slope [95 %
Cl]= 1.31 [0.89, 1.74]).
640 70«
Right hemispheric (Ion (ml/min/IOOR)
Figure 3. Comparison between both
hemispheric flows using regression
analysis and 95 % Cl. Regression line:
left hemispheric flow = 1 31 x right
hemispheric flow 89.68 and R = 0 89.
Figure 4 shows the first (10 min) and second (40 min) flow measurements in both groups. In the
control group (panel A) the two measurements were comparable. The first and the second CBF
measurement in the CO, group were significantly different, indicating a marked increase of flow
during hypercapnia (first measurement). During normocapnia, the CBF is decreased to values
comparable with the control group (p - 0.0728).
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1-jj.Mirc 5 shows microscopic images of the brain tissue in normal conditions (A and C) and 3 days
alter induction o f ) min incomplete ischemia. The induction of incomplete ischemia has been
described earlier (Smith el al., 1484) and is one of the models used in our lab (llaseldonckx et
ill.. IW7). Two microsphere flow measurements were performed before and during incomplete
ischemia, respectively. Panel A clearly shows the presence of both the yellow-green and red
microspheres on a 100 (im slice from the brain of a control animal. In the other animals the
presence of microspheres injected during the incomplete ischemia is low. In 7 animals we
counted a total of 31 [28. 32) sections and 1345 [855. 1546] and 228 [148. 581] microspheres
were found during baseline and ischemia respectively, thus resulting in a maximum residual
How of 18.8 "» 113.4. 38.5]. The real flow is probably less then the calculated figures, since
ihe reference samples contained an increased amount of microspheres due to the induced
hypovolemia. In the measurements during ischemia one higher count (581) was found for
which 482 were found in the right hemisphere, clearly indicating an incomplete clamping of the
ipsilateral carotid artery or of a inhomogeneous mixing of the microspheres Panel B shows a 100
Urn slice from a comparable area of the brain from a rat which underwent 9 min of incomplete
ischemia and survived for 3 days. The a/ure-eosin stain contains organic solvents that dissolve
the present microspheres. For this reason the microsphere counting has to be performed before
this staining method. This picture clearly shows the pyramidal cell damage in the hippocampal
( A I region after this insult. Panel (.' shows the normal aspect of the pyramidal cells on a 2 um
slice of the t 'A I region. Panel D is a similar section after the incomplete ischemia showing clear
evidence of both coagulative pyramidal cell change and microglial activation.
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Figure 5. A. Mosaic picture of 100 pm unstained vibratome section showing yellow-green and red fluorescent
microspheres in cortical and hippocampal region. B. 100 pm azure-eosin stained vibratome section showing pyramidal
cell damage in the hippocampal CA1 region 5 days after 9 min. incomplete ischemia. C. 2 urn section adjacent to a
vibratome section used for microsphere counting showing the normal aspect of the pyramidal cells (arrow) in a control
rat. D. 2 pm section of the CA1 region showing coagulative pyramidal cell change (arrow) and microglial activation
(arrowhead) 5 days after ischemia.
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Discussion
In a first preliminary study we found a significant difference in left versus right hemispheric
blood flow during hypcrcapnia when the fluorescent microspheres were injected via the external
carotid artery (data not shown). These differences were not detectable in control animals. This
experiment was terminated because in these conditions the rC'BF measurement was not regarded
accurate. Other groups had also shown differential flow distributions during hypcrcapnia when
one carotid artery was occluded (Dc Ley et al., I98S). This problem was solved by placing the
cannula for microsphcrc injection into the left ventricle via the brachial artery instead of the
carotid artery, a procedure already described by Nakai and coworkers (1990).
The second problem we encountered was the loss of microspheres during the filtration of the
reference blood sample. Since the microspheres trapped in the tissue and counted on the tissue
slices gave us u number of microspheres without any loss, the CBF was largely overestimated.
An analysis of subsequent filiations indicated that three filiations yielded a sufficient estimate
(> 97 %) of the real microsphcre amount, l-'urther addition of tiltration is only time consuming
and not extensively improving the CBF assessment.
As stated above our experiment also included a continuous monitoring of certain physiological
variables in order to detect changes induced by the microspherc injections. Since no changes in
cither heart rate or VI A l i i ' were found we are confident that the amount of microspheres injected
did not alter general blood circulation and tissue perfusion. This is also concurrent with the
findings of Kohayashi and co-workers (1994) that showed no haemodynamic disturbances after
up to 4 subsequent injections of 50().()()() microspheres. We remained well below this threshold
with the injection of two boli of KM).(MM) microspheres each.
As figure clearly illustrates, the two subsequent microsphere cerebral blood flow assessments
result in comparable cerebral blood flows, thus indicating that the second flow measurement is not
influenced by the residing microspheres left in the tissue after the first flow measurement. From
the same figure we can also conclude that this technique allows measurement of physiological
cerebral bUnnl flow alterations, which we studied with the use of induced hypercapnia and the
return to the baseline values after hypervapnia. These facts lead us to conclude that it is certainly
possible to perform two subsequent cerebral blood flow measurements. Furthermore it is our
believe that additional measurement can be performed since the total amount of microspheres
was far below the amount that was shown to cause blood flow alterations by Kobayashi and co-
workers (1994). We also could not detect any morphological damage in normal and hypercapnic
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rats after microsphere injection, thus ensuring that the microsphcres do not cause any damage
by themselves.
Although we did not fully describe the cerebral blood flow during incomplete ischemia, we were
still able to detect a small amount of microsphcres in the rat brain. The number of microspheres
counted during ischemia was well below the minimal 400 microspheres required to obtain an
accurate microsphere blood flow assessment (Buckberg et al., 1971). This loss in accuracy could
possible be solved by injection of a higher amount of microspheres.
The above described technique has two major advantages. The tirsi is the possibility of animal
survival for a long period of time after microsphere injection, alter which the animals is sacriliced
for the final microsphere count. This allows ischemic injury maturation in our experiments, but
could also be useful in other experiments. More important is the unique possibility to obtain both
cerebral blood flow data and histological examination results not only from the same animal but
also from the same section, thus enabling a direct study of CBK combined pathophysiological
morphology and histology.
We conclude that the fluorescent microsphere technique can be used to assess rCBF at two
different time points in the same animal. This allows studying changes in rCBF during
physiologic or pathologic conditions. The described approach allows combining the assessment
of rC'BF with detailed histological evaluation of the same brain region of the same animal.
Histological evaluation of the brain several days after injection of the microsphcres allows
correlating the measured changes in flow with the neuropathological consequences.
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Abstract
The aim of this study was to validate the blood flow index (BFI), derived from the transit of an
indocyanine green (ICG) bolus through the brain as monitored with near infra-red spectroscopy,
for the measurement of cerebral blood flow in rats.
In a first part of the study, 72 male Spraguc-Dawlcy rats received a 5 ul K G bolus cither after
i.v. administration of I-NAMI: (30 or 15 mg/kg), or during CO, breathing (4 or 7 %) or in
control conditions. CO, breathing and treatment with I-NAMH respectively resulted in a dose
dependent increase and decrease of the BFI. Control animals with different body weight were
used to evaluate the dependence of the BFI on blood volume. The observed volume effect could
be eliminated by multiplication of the HI I with body weight (BFI^).
In the second part, the B l \ was compared with the CBF as measured with coloured microsphcres
(MS-flow). In order to increase the range over which the comparison was made, one group of
rats was treated with I-NAMI- (30 mg/kg i.v.), a second with 7 % CO, breathing, and a third
group did not receive any treatment (n = 12 in each group). The BFI^ as well as the MS-flow
were significantly different in low, normal and high flow conditions. BFI^ showed to be a
significant linear predictor of MS-flow. Linear regression analysis: MS-flow = 62.4 + 7.06 BFI^
(R = 0.6466; p < O.(KM) I). We conclude that the BFI^ is an accurate predictor of global CBF as
measured with coloured microsphercs.
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Introduction
Jöbsis (1977) was the first to make use of the relative transparency of brain tissue to the
wavelengths of light ranging from 700 to 1000 nm to measure tissue oxygenation ami circulatory
parameters non-invasively. Since then this technique, known as near-infrared spectroseopy
(MRS), has been further developed for use in both experimental and clinical conditions to
monitor oxygenation of blood and tissue. Related applications in brain include the measurement
of cerebral blood flow in adults (Olsen et al., 1996) and prctenn infants (l-dwards et al.. 1988).
detection of intracranial hacmatomas arter head injury (Robertson et al.. 1995). functional
imaging in adults (Villringer et al., 1993; Tamura el al.. 1997). quantitation of cerebral blood
volume in infants (Wyatt et al.. 1990) and measurement of mitochondrial dysfunction via the
cytochrome oxidase signal (Cooper ct al., 1999).
In our laboratory. N1RS has been used to investigate brain oxygenation arter closed head injury
in an experimental rat model (van Rossem et al., 1999a+b) and during transient anoxia (l ie
Visscher et al., 2002a), using a multiwavelength NIRS system developed al the University
College London (Cope et al., 1989; Matcher et al., 1995). In transmission mode, this system
allows to monitor the oxygenation of the whole rat brain. We also have shown that the transit of
a small bolus of indocyaninc green (ICG) through the brain can be accurately monitored with
NIRS in rats (De Visscher et al., 2002b).
ICG is a non-toxic dye with a specific absorption spectrum in the near-infrared range. Since
its development in the Kodak Research Laboratories (Brooker. 1955: Fox and Wood. I960)
and introduction in clinical research in 1956 (Fox et al., 1956), many clinical applications have
been described for ICG. After i.v. injection, the dye is almost entirely confined to the blood
compartment and it has been used to measure plasma volume (Haller et al., 1993) and blood
flow in humans (Roberts et al., 1993; Ruokonen et al., 1993; Burggraaf et al., 1998; Roberts et
al.. 1998). In rats, plasma and red blood cell transit through a region of the cortex was assessed
simultaneously by dual wavelength NIRS and single bolus injection of ICG (Hke et al., 1997).
ICG bolus transit detection with NIRS has been used to measure CBF quantitatively in new-
horn piglets by simultaneous monitoring of the concentration of ICG in the brain and the arterial
blood by multiwavelength NIRS and ICG pulse oxymetry respectively (Springe« R., personal
communication). The latter technique can not be applied in small laboratory animals since heart
rate exceeds the frequency limit of the existing pulse oxymeters. Qualitative measurements of
CBF in pigs were performed by Kuebler et al. (1998) who calculated a blood flow index (BFI)
from the ICG bolus transit curve according to a derivative of the Sapirstein bolus fraction
principle (Perbeck et al.. 1985b). We have adapted this method for use in the rat. a more
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commonly used laboratory animal. Injection of 5 pi of ICG solution into the right atrium of the
anaesthetised rat provides clear bolus transit curves, and repeated CO, breathing (7 %) results in
a reproducible increase of the BH (De Visschcr et al., 2002b).
I he aim ol the present study was to validate in rats the ICG bolus transit detection technique by
comparing it to an established method for quantitative measurement of CBF using microspheres.
llypcrcapnia and l-NAMIi were applied to induce a wide range of CBF. In Sprague-Dawley rats
CO, is known to increase flow (Kstevez et al., 1997) due to vasodilation while 1-NAME decreases
flow (Macrae el al.. 1993) due to vasoconstriction. Different variants of the microsphere based
flow technique exist (I'rtn/en and (ilenny, I994; Prin/cn and Bassingthwaightc. 2000). The one
we chose was a coloured microsphere method using the dye extraction technique first described
by Kowullik ct al. (1991) and routinely applied to measure organ perfusion. including brain
pcrfusion. in rats (Hcrijgcrs ct al.. 1996).
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Materials and Methods
Animal treatment and preparation
Animal housing and treatment conditions complied with the European Union directive # 86/604
on animal welfare. Ninety-six male Sprague-Dawley rats (Charles River. Sul/fcld, Germany)
weighing 380-430 g and twelve rats between 280-330 g were used. Anaesthesia was induced
with 5 % isoflurane in 30 % O,and 70 ' . N,O during 5 min. After endotrachcal intubation,
the animal was placed on a rectal temperature controlled heating pad. I he left ventricle was
cannulated for microsphere injection via the right brachial artery with a PEM) catheter threaded
on a PE50 catheter (Nakai et al.. 1990). For ICG bolus injection the right external jugular vein
was cannulated with a silicon tipped PI 50 catheter prefilled with albumin bound ICG solution.
Both femoral arteries were cannulated with PE50 catheters for continuous monitoring of arterial
pressure and arterial blood sampling. The left femoral vein was cannulaled with a PI-.50 catheter
for I-NAME administration.
The rats were fixed in a stereotaxic apparatus (Model 900. David Kopf. Tujunga. CA. USA).
A thermistor inserted into the tip of an ear bar was used to measure the tympanic temperature,
providing an accurate measurement of brain temperature (Urambink et al., 1999). A rectal
thermistor probe was inserted to monitor body temperature, which was maintained at 37 °C
(± 0.5 °C) using a homemade temperature control unit connected with the heating pad. The
end tidal CO, (EtCO,) and breathing rate were continuously monitored with an HtCO,-monitor
(Capnogard, Novametrix, Wallingford, CT, USA).
The parietal and temporal bones were exposed by removing the scalp, periosteum and parts of
the temporal muscles. Sites of possible bleeding were cauterised and the temporal bones were
covered with cyano-acrylate glue. Emitting and receiving optical fibres (3 mm diameter) were
placed onto the right and left temporal bones, respectively (frontal pole of the fibres at the level
of the bregma. angle of ± 10° relative to both the coronal and sagittal plane). To prevent blood
entering the space between the skull and the optical fibre, optical gel (Optical Gel code 0608.
RP. Cargille Laboratories Inc.. Cedar Grove, New Jersey, USA) was used to fill this space and to
provide good optical coupling. The skull was covered with black clay (Modelling clay No 8401.
Eberhard Faber GmbH. Neumarkt. Germany).
The isorlurane concentration was then switched to 1.5 % and this level was maintained till
the end of the experiment. Five minutes prior to the start of the measurements a blood sample
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for blood gas analysis was taken. Measurements were started 90 min after the induction of
anaesthesia and a stabilisation period of 15 min was allowed before the injection of the ICG
bolus into the jugular vein.
In the first part of the study only the ICG bolus derived BFI was calculated. CO, and
l-NAMIv were used at different concentrations to increase or decrease flow, respectively. Sixty
(380 430 g) animals where randomly assigned to five treatment groups (n = 12 in each group):
30 mg/kg l-NAMi:. 15 mg/kg I-NAME. control. 4 % CO, (final mixture: 30 % O,, 66 % N,O,
4 % CO,) and 7 % CO, (final mixture: 30 % O,. 63 % N,O, 7 % CO,). A sixth group (n = 12)
consisted of control iinimals with low body weight (2X0 330 g). The latter group was included
to check possible influences of blood volume on UN. I-NAML was dissolved in saline at a
concentration of 24 mg/ml and injected i.v. as a bolus 5 min prior to the injection of ICG. CO,
breathing was started 5 min prior to the flow assessment and maintained until the end of the
experiment. Immediately after monitoring of the ICG bolus transit through the brain the animals
were killed by terminal anoxia.
Thirty-six rats were used in the second part of this study. The animals were randomly assigned
to three treatment groups (n = 12 in each group). The first group was treated with 30 mg/kg
I-NAMH (in saline) intravenously. The second was subjected to 7 % CO, breathing (final
mixture: 30 % ( ) „ 63 "<> N,O. 7 % CO,) five min prior to flow assessment while the third group
did not receive any treatment and served as control. Hach rat received a 5 (.il bolus injection of
ICG into the right jugular vein followed by injection of 100.000 coloured microsphcres into the
left ventricle. A reference blood sample was taken over a period of 2 min from the left femoral
artery starting before the onset of microsphere injection (flow rate: 0.566 ml/min). Immediately
after monitoring of the ICG bolus transit through the brain the animals were killed by terminal
anoxia.
MRS equipment
The NIRS system and algorithms have been described previously (Springe» et al.. 2000). NIR
spectra were collected contiguously with a period of 100 ms and 100 spectra were averaged
to give a time resolution of 10 seconds (0.1 Hz). Absolute changes in the concentration of
oxyhaemoglobin (|MbO.|). deoxyhaemoglobin ([Hb]) and oxidised Cu^ ((Cu J) were calculated
from the change in attenuation between 780 and W0 nm (Cope ct al.. 1*W); Matcher et al..
|W5) and normalised to the baseline optical pathlength measured from the 840 nm water
feature using 2"*' differential analysis (Matcher and Cooper. 1W4). Assuming an 85 % water
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content of the brain, the absolute concentration of Hb was obtained from 2""' differential analysis
and normalised to the pathlength obtained from the 740 nm water feature. The absolute [Mb]
and absolute changes in [HbO,] and [CuJ were monitored on-line. Absolute [HbO,] was
back-calculated taking the value after terminal anoxia as zero. Total haemoglobin ([HbT|)
was calculated as the sum of (HbO,] and [Hb]. and mean cerebral saturation of haemoglobin
with oxygen (SmcO,) by the following formula: SmcO, ([HbO,] |HbT|) x 100. It Ci has an
absorption peak at 805 nm (Landsman et al., 1976) and can be measured by the same set up as
the ICG absorption spectrum is included in the algorithm. For ICG bolus transit detection the
sampling frequency was switched from 0.1 Hz to 10 Hz (no averaging).
Indocyanine green solution
A I ml/mg ICG (IR-125, laser grade; Acros. Geel, Belgium) solution was used, hive percent
bovine serum albumin (BSA fraction V; Sigma, Bornem. Belgium) was added to this solution to
bind the ICG. The solution was then sterilised by filtration with a 0.22 (.im filter unit. If BSA is
added. ICG will not bind to the endothelium of the vascular wall and a clear passage of the bolus
can be detected. The ICG solution is also stable when BSA is added; otherwise self-aggregation
of the dye may occur (Cherrick et al.. I960; Gentile et al.. 1985).
Coloured microsphere flow measurement
After the ICG blood flow assessment, a reference blood sample was withdrawn for 2 min from
the left femoral artery at a flow rate of 0.566 ml/min, using a pump (Harvard apparatus, Infusion/
Withdrawal pump. South Natick, Massachusetts, USA). When the first blood entered the syringe,
a 100 ul bolus containing approximately 100.000 mierospheres with a diameter of 15 nm (Dyc-
Trak. Triton, San Diego, CA, USA) was injected into the left ventricle over a 20 s period. The
catheter was then flushed with 0.5 ml saline for another 20 s. At the end of the experiment the
rat was killed and the brain and both kidneys were excised. The brain was further dissected
into the following parts: the cerebellum and both cerebral hemispheres. All tissue samples were
weighed and then digested in 4 M KOH in saline. The digested samples were negative pressure
filtered using 10 pm pore polyester filter membranes (Dye-Trak, Triton, San Diego, CA, USA).
Dimethyl formamide was used to extract the dye from the mierospheres and the dye concentration
was determined by automated spectrophotometry (Wieland et al., 1993). The following formula
was used to calculate the organ blood flow:
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C„xRBFx 100
Olgan blood flow (ml/min) =
Where ('„ is counts in tissue sample. ('_ is counts in reference sample and RBF is the reference
withdrawal rate. The calculated organ blood flow was divided by the tissue weight resulting in
the MS-flow expressed as ml/min/IOOg. Since the ICG flow assessment is a CBF measure of the
total brain, the MS-flow used for comparison of both techniques was calculated as the weighed
mean value from the three parts of the brain. If the difference between the flow of the left and
the right kidney exceeded 10 "»the animal was excluded due to inhomogencous mixing of the
coloured microspheres in the circulation.
Data analysis
/»tv /Wt'.v
AICCJ was calculated from the ICG bolus transit curve by subtraction of the baseline value,
taken immediately before injection (mean value of 20 measurements), from the peak value
after injection. The rise time (At) was measured as the time between the first value where the
ICG signal deviates from the baseline and the peak value. The blood flow index (BFI) was then
calculated by dividing A1CG by At (Kuebler et al.. 1998; De Visscher et al.. 2002b). The index
was then corrected for individual differences in blood volume by multiplying the BFI with the
bodyvveight expressed in grams (BH = BFI x BVV). Since blood volume is linearly proportional
to body weight, the latter can be used as a valid correction factor.
Statistical analysis
All the results are expressed as means ± standard deviation (SI)). Within each study the groups
were first compared using a Kruskal-Wallis test. When a significant difference was found (p <
0.05) a two-sided Wilcoxon-Mann-Whitney rank-sum test was used for analysis between pairs
of groups separately. Two-sided probability values of less than 0.05 were regarded as statistically
significant. Linear regression and Bland and Altmann (1986) analyses were used to evaluate the
correlation and agreement between both flow measurement techniques. A Wilcoxon signed rank
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test was used to test whether the differences between both methods were significantly different
from zero (p < 0.05). The Shapiro-Wilk \V test (p • 0.10). combined with a normal quuntile plot
was used to test the normality of the distribution of these differences.
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Results
ICG cerebral blood flow study
Table I summarises physiological data before the onset of the NIRS-measurement. The brain
weight was obtained post mortem. An obvious significant difference in the body weight (BW)
was found between the low weight (I.W) control group and all other groups. The brain weight
in the I.W control groups was significantly different from all other groups except for the group
treated with 4 % CO,. The baseline values of the pH-measuremcnts showed statistically
significant di(Terences between groups, though all obtained values were within the normal
physiological range.
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Figure I slums the effect of correction of the BFI for body weight (BFI^ = BFI x BW). In
figure IA the BFI's are shown for both the control and the LW control group. The BFI in the
LW control group was significantly higher than in the control group (p = 0.0045). whereas the
BFI^ was comparable between both groups (p = 0.4428; Figure IB). The At was comparable
between control and I.W control groups: 1.47 ± 0.22 s for the control group and 1.44 ± 0.14 s
for I.W control group (p 0.8091). However, the AICG was significantly lower in the control
group than in the LW control group: 0.062 ± 0.00») pM versus 0.083 ±0.131 (iM respectively
( p * 0.0005).
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Figure 1.8FI and BFI corrected for blood volume (BFI^ = BFI x BW) in groups with different body weight Dots represented
individual data Bars indicate mean ± SO. FigureiA represents the BFI data from both the normal and low body weight
(LW) control groups. BFI is significantly different between both control groups (p = 0.0045). The BFI_ data are represented
in figure t. BFI__ is comparable between both groups (p = 0.4428).
The BFI^ data from the control group and the groups treated with either I-NAMF-. or CO^ arc
represented in figure 2. The groups could be ranked according to increasing HI'I^ as follows: 1-
NAME (30 mg/kg) < 1-NAME (15 mg/kg) < control < CO, 4 % < CO, 7 %. Except for the low
dose I-NAME and the control group all differences between groups were statistically significant
(Wilcoxon-Mann-Whitney; p < 0.05).
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Figure 2. Scatterplot of BFI_ obtained from control animals, rats treated with i.v. injection of I-NAME at two dosages, and
rats subjected to inhalation of different concentrations of CO,. Dots represent individual data. Bars indicate the mean and
the 95 % Cl. All groups are significantly different from each other except for the I-NAME (15 mg/kg) and the control group
IWilcoxon-Mann-Whitney; p < 0.05). The BFI^ increases dose dependently with the CO,, compatible with an increased
CBF Treatment with I-NAME at the high dose causes a significant decrease in BFI .
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Validation study
In both the I-NAMH and the control group one animal was excluded because the difference
between right and left kidney flow exceeded 10 %. In all included tissue samples the amount of
microspheres largely exceeded 400 microspheres, which is the minimally required number for
an accurate MS-(low measurement (Buckberg et al., 1971).
Table 2 summarises the physiological data before the onset of the NIRS-measurcmcnt. and the
brain weight obtained post mortem. Physiological variables were comparable between groups.
Only I'aCO, was significantly lower in the control group than in the other groups, although all
values were within the normal physiological range.
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The variables related to blood flow assessment are summarised in table 3. Al l variables were
significantly different in the CO. group, compatible with a significant increase in flow compared
to the control group In the l-NAMh group, the BKI, B h \ , and the total brain MS-flow were
significantly lower compared to control conditions. No differences between left and right
hemispheric MS-flow were observed. This indicates that the microspheres were homogeneously
distributed in the brain. While the observed decrease in BFI and BFl^ in response to I-NAME
administration almost equalled the increase in response to CO, breathing, the two variables
necessary for Bl' l calculation (At and AK'Ci) changed differently in response to an increase
und decrease in flow, respectively. At did not respond as much to increases in flow as it did to
decreases, but the difference w ith control conditions was significant in both cases. For AICG the
situation was the opposite. Here the response was blunted for decreases in flow and the values
obtained arter l-NAMl- administration were not different from the control values (p > 0.05). The
B l l and the Bl-I did not show any blunted response neither to a decrease, nor to an increase in
Validation of the ICG derived blood flow index 87
flow. A clear distinction between the different flow conditions could be made by both indices as
well as by the MS-flow.
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In figure 3 the linear regression (with 95 % Cl) and the Bland and Altman analysis from
the BFl^  and the MS-flow data are shown. The regression analysis indicated that Ull^ is a
significant predictor of MS-flow and resulted in the following formula: MS-llow = 62.4 +
7.06 BFI^  (R = 0.6466; p < 0.0001). The residuals from the regression analysis showed a normal
distribution, which was checked with a normal quantile plot and the Shapiro-Wilk W test. A
better method to compare techniques that measure the same variable is represented in figure
3B. Using the regression analysis formula, the BFI^ data were transformed into MS-flow data.
The difference between the original MS-flow data and those obtained by calculation were then
plotted against the mean of both data. The average difference between both methods was not
significantly different from zero (0.0022 ± 52.4 ml/min/100g; p = 0.9731) and the individual
differences were normally distributed (normal quantile plot. Shapiro-Wilk W test).
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Fifltrt I . Comparison b«twe«n the BFIw and CBF measured with microspheres (MS-flow) Figure 3A contains the
regresnon intlysis (full line: regression; dashed line: 95 % CD resulting in the following formula: BFIw = 813 • 0.059 MS
»low The residuals from the regression analysis were notmally distributed (normal quantile plot. Shapiro-Wilk W test) A
more accurate method for comparison of two techniques that measure the same variable is presented in figure 3B Using
the regression formula, MS-flow = 62.4 • 7.06 BFIw, the BFIW data were converted into MS-flow data. The mean of the
data is represented by the dashed line and the 95 % Cl of the data between both dotted lines are indicated on this graph.
The difference between the original MS-flow data (flow) and those obtained by calculation are then plotted against the
mean of both data (average flow). The diHerences between the measurements were normally distributed (normal quantile
plot, Shapiro Wilk W test).
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Discussion
We have previously shown that the transit of a small indocyanine green (ICG) bolus through the
rat brain can be accurately monitored with NIRS and that a HI 1 can be calculated from the At
and AICG derived from the transit curve (De Visscher et al.. 2(M)2b). The aim of the present study
was to validate the BFI for the measurement of cerebral blood flow in rats. First, we evaluated
the need for a correction factor for blood volume, and the changes in BFI induced by different
concentrations of I-NAME and CO,, two agents that alter the CBF in the opposite wuy. COj is
known to increase flow in Sprague-Dawley rats (F.stevez et al.. I 997) due to vasodikilion while
I-NAMF. decreases flow (Macrae et al., 1493) due to vasoconstriction. Secondly, we compared
the BFI with the CBF as measured with coloured microspheres in different flow conditions.
ICG cerebral blood flow study
In this study we included control rats with normal and low body weight in order to evaluate
the dependence of the BFI on blood volume. As the volume of the injected ICG bolus is 5 nl
in all rats, differences in blood volume might lead to different ICG concentrations in situ, and
thus different amplitudes of the ICG bolus transit curve (AICG). ICG dilution in itself is an
appropriate method for the measurement of the blood plasma volume in humans (Maller et al..
1993). However, the clearance of ICG in rats is twice as high as in normal human volunteers
(Paumgartner et al.. 1970). Moreover, the amount of ICG injected by us is 20 times lower than
the one used for plasma volume assessment and specially chosen for its good signal to noise
ratio in combination with a rapid clearance. This is important since residual ICG may disturb
the simultaneous measurement of other NIRS chromophorcs such as brain haemoglobin and
cytochrome oxidasc (De Visscher et al., 2002b). Hence, it was not possible to use the ICG
dilution technique for the measurement of blood volume in the present study. As it is known that
rat tissue contains 65 ml of blood per kg. we used the body weight to correct for differences in
blood volume.
All rats used in this experiment were normal adult rats. As such we assumed that there were no
differences in CBF between the two groups with different body weight. We found that the BFI
was significantly higher in the rats with a lower body weight. The fact that the high BFI in the
LW control group was solely due to an increase in AICG whereas the rise time or At was the
same as in the control group is compatible with a dilution issue. An appropriate correction could
be made by multiplying the BFI by the body weight. After correction, the differences between
both groups disappeared.
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Another part of this study consisted of an extensive study of the B F \ in different CBF conditions
induced by pharmacological interventions. The results clearly demonstrate that the BFI^ method
can be used to detect dose-dependent changes in CBF.
Validation study
In our set up NIRS is applied in transmission mode. The emitting and receiving optodes have a
diameter of 3 mm and are positioned onto respectively the right and left temporal bone of the
rat. In these conditions, the light delected by the receiving optode has transverscd the different
regions of the entire brain (Delpy D.T.. personal communication). Hence, the BFI provides a
measurement of the uverage global CBF. The coloured microspherc technique also allows to
measure global CBF (Mcrrijgcrs ct al. 1946) and was chosen to validate the NIRS method. The
changes in the HI I in response to hypercapnia in rats have already been described earlier (Dc
Visscher el al., 2002b) and showed a good concordance with the results obtained by other groups
with either laser Doppler flowmetry (Lee ct al.. 1995; Estevez and Phillis, 1997) or hydrogen
clearance (von Kummer, 1984).
Total brain MS-flow was significantly different in the three groups evaluated. The left and righi
hemispheric MS-flows were not different in any group. This indicates that the technique and
location used for microspherc injection (Nakai ct al., 1990) did neither alter CBF nor compromise
the induced CBF changes in one of the hemispheres. I f the carotid artery is used no distinction
between left and right hemispheric MS-flow can be made in nomiocapnic conditions (De Ley et
al.. 19S5; De Visscher. unpublished data). In contrast, the absence of a response of the MS-flow
to hypercapnia at the same side of carotid artery cannulation has been observed previously using
either radioactive (De Ley et al.. 1985) or fluorescent microspheres (Dc Visscher, unpublished
data).
Linear regression showed that the BFI^ was a significant predictor for MS-flow. The derived
formula was used to convert the BFI data to MS-flow data. The pairs of MS-flow data were
then analysed with a statistical method specially designed for comparison of two methods
for measuring the same variable (Bland and Altman. 1986). The fact that the mean difference
between mcasua'incnts equals zero indicates that the average MS-flow can be accurately
calculated from the BFI^ with the aid of the linear regression formula. As the differences were
normally distributed, a good prediction of MS-flow can be made for a sufficiently large group
of animals over the range of flows that was covered in this study. Since the 95% Cl is notable,
the prediction of individual MS-flow values from the BFI data may be less accurate. Possible
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variability, intrinsic to the microsphere technique may also be a contributing factor in this
respect.
Conclusion
We conclude that application of multi wavelength NIRS to measure the transit of an ICCi bolus
through the brain is a valuable method to assess global (RF. The BFI calculated from the bolus
transit curve and corrected for blood volume (via body weight) is an accurate predictor of global
CBF as measured with the microsphere technique.
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Comparison between intracranial pressure measured in the
cerebral cortex and the cerebellum of the rat
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Abstract
In this study we evaluated the accuracy of iniracranial pressure (ICP) measurement in rats by
insertion of a miniature ICP probe in the parenchyma of the cerebellum. A comparison is made
between the ICP values measured simultaneously in the parenchyma of the cerebral cortex and
the cerebellum.
ICP was recorded in 45 Spraguc-Dawlcy rats. In order to obtain a wide range of ICP. 15 animals
were subjected to severe closed head injury (CHI). 15 to moderate CHI and 15 to sham operation.
1(1' values ranged from OX to 4.1» mmllg. After 15 min stabilisation the first measurement was
performed, and the second measurement 25 min after onset to allow comparison of ICP changes
between the two implantation sites. Linear regression analysis showed a highly significant
correlation as well at 15 min: cercbcllar ICP 0.419 cerebral ICP • 0.655 (R- = 0.977). as
at 25 min cerebcllar ICP 0.931 cerebral ICP • 0.69X (R 0.976). The differences in ICP
measurement between cerebcllar and cerebral site were not significantly different from zero on
both time points. Bland and Altman plots showed that the difference in ICP readings between
the two locations could differ maximally 5.3 mmHg. The largest differences were detected in
presence of high ICP values.
We conclude that in rats the ICP measurement in the cerebellum is comparable to the ICP
measurement in the cerebral cortex. The cerebellar ICP can be used as a valuable alternative in
experimental set-up.
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Introduction
During the past 6 years our research group has developed a rat model of CM1 that features
several clinically relevant pathological changes, including increased ICP (l-ngelhorghs et al.,
1998: De Mulder et al.,2000). disturbed autoregulution of cerebral blood flow (l-ngelborghs et
al.. 2000), and increased sensitivity to hypoxia (Van Rossem et al.. 1999). Since the introduction
of ICP measurement in 1951 (Guillaume and Janny) ICP has become an essential parameter in
the assessment of severe head injured patients. The therapeutic regimes are often instituted on
the basis of ICP values. Measurement of intracranial pressure can be performed with various
techniques based on different principles of pressure transformation. Strain gauge, pie/o-resistivc
and fibre-optic probes are most commonly used today (Morgalla et al.. 1999). In our own
laboratory we reported on the results with fibreoptic ICP measurement (Vcrlooy et al.. 1990).
Currently, the gold standard for ICP measurement in human is a fluid-filled ventricular catheter.
In small animals like the rat this method of ICP measurement as such is difficult. Therefore we
use a miniature ICP probe that is inserted in the cerebral parenchyma. Morgalla and co-workers
(1999) have tested 7 types of current ICP transducers under / i ; W//r> conditions for measurement
accuracy. They conclude that most accurate probes were Haniset', Camino" and the Codmann".
Measurement accuracy for the Codmann" probe could deviate up to 5 mmllg, in the pressure
group from 60 mmHg onwards.
In previous studies we reported the use of the Codman* micro-sensor probe to measure ICP after
closed head injury in the rat (Engelborghs et al.. 1997; De Mulder et al.. 2000). The probe was
inserted into the cortical parenchyma of the right hemisphere. Insertion of a miniature probe
can induce spreading depressions of cortical activity in the entire hemisphere with concomitant
alterations in cerebral blood flow (CBF), vascular responsiveness and metabolism (Verhacgen
et al.. 1992). When CBF and metabolism are the subject of investigation, such alterations need
to be avoided. Moreover, when optical techniques such as NIRS arc used to evaluate cerebral
oxygenation and perfusion, the insertion of a miniature probe may cause unwanted light
scattering and induce small bleedings that can interfere with the measurements. In our lab we
apply NIRS to measure cerebral oxygenation (van Rossem et al., 1999a*b) and perfusion in
the rat (De Visscher et al.. 2002) and study pathophysiological changes after traumatic brain
injury (van Rossem et al.. I999a+b). As ICP probe placement in the cerebellum docs not
induce spreading depressions of cortical activity, and docs not interfere with light transmission
through the hemispheres this site is an alternative location for ICP recording, especially when
simultaneous evaluation of cerebral oxygenation, CBF and metabolism is envisaged.
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The aim of the present study was to evaluate i f the ICP measured in the cerebellum corresponds
to the hemispheric cerebral ICP. in the rat.
Cerebellar ICP measurement: an alternative for cerebral ICP measurement 101
IT
Materials and methods
Animal treatment and preparation
Animal housing and treatment conditions complied with the European Directive #86/609 for
animal welfare. Forty-five male Sprague-Dawley rats (Charles River. Sul/fcld. (iennuny),
weighing between 370 g and 490 g were used for the experiments. They were allowed free access
to food and water (12/12-hour day-night cycle). The animals underwent standard anacslhesiu
induction over 4 min. with 4% isoflurane in a mixture of 30 % (), and 70 % N,O. Subsequently,
rats were cndotrachcally intubated and anaesthesia was maintained at 2 % isotluranc during
surgical procedures.
In the sham and moderate CHI group a 2 cm midline incision of the scalp was made and the
periosteum removed to expose the bregma. After identification of the impact place, on the
bregma, the rat is transferred to the trauma device as described earlier (Dc Mulder et al.. 2000).
To induce moderate closed head injury (CHI), a 400 g weight was dropped from a height of
50 cm. Shams underwent all of the above except the weight drop.
Severe head injury was induced on a similar apparatus. The differences with the moderate CHI
procedure were the presence of a silicon tip on the steel cylinder and the absence of an incision
in the scalp of the rat. The rats were placed on the table and impact place was determined using
fixed ear bars on the table. To induce severe CHI. the 400 g weight was dropped from a height of
70 cm (F.ngelborghs et al.. 1998; Engelborghs et al., 2000).
After CHI or sham procedure the head of the rats was fixed in a stereotaxic apparatus (model
DK1962; Ultra Precise Small Animal Stereotaxic. Kopf Intstruments, Germany) and a thermistor
inserted into the tip of an ear bar was used to measure the tympanic temperature, providing an
accurate measurement of brain temperature (Brambink et al.. 1999). A rectal temperature probe
was inserted to monitor body temperature, which was controlled with a heating pad connected
to a temperature control unit. The end tidal CO, (EtCO,) and breathing rate were continuously
monitored with an EtCO,-monitor (Capnogard. Novametrix USA). The left femoral artery was
canullated to allow continuous monitoring of the mean arterial blood pressure (MABP) and heart
rate (Argon Transducer. Maxxim Medical. Greece). Neck muscles were retracted and dissected
until the occipital bone was exposed. In the severe CHI group the scalp was removed at this time
point. Possible sites of bleeding were cauterised to prevent excessive blood loss.
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To measure ccrebcllar ICP, a burr hole of 2 mm was drilled into the right part of the occipital
bone, 2 mm caudal of the cranial edge and 2 mm lateral from the midline. avoiding damage to
the sagital sinus. The first microsensor ICP probe (ICP Neuro microsensor; diameter 1.2 mm.
length 4 mm; Codman& Shurtlcff Inc.. Randolph. MA) was attached to a micromanipulator. The
tip was positioned in the sagital plane under an angle of 35" relative to the horizontal plane and
carefully inserted in the ccrebcllar parenchyma.
To measure cerebral ICP, a 2 mm burr hole was drilled into the right interparietal plate of the rat's
skull 4 mm from the midhnc and 2 mm caudal to the bregma suture. The second microsensor
probe attached to a micromanipulator was inserted in the cortical parenchyma with the sensor
facing towards the midline. In a frontal plane, the probe was placed at a 70° angle to the horizontal
plane to avoid perforation of the lateral ventricle. Insertion depth of both probes was 4 mm.
A.lU".r suiyir.al ,nri-naralion and the insertion of the ICP.orobes the anaesthesia was maintained
at 1.5 % Isollurane. ICP was then monitored continuously during 25 min. Before sacrification
of the animals with an overdose of Nembutal". 195 ul arterial blood sample was collected for
bloodgas analysis (blood gas analyser model ABL 725; Radiometer, Copenhagen, Denmark).
All data was collected with a MacLab" computer system (MacLab/8 MK3 Version 3.5.
ADInstruments Australia). Fifteen and twenty five minutes after the onset of the ICP registration
the mean value was calculated over a 30 second period. Statistical analysis was performed on
two different time points respectively 15 and 25 min after onset of the ICP measurement.
Statistical computations were performed using a commercially available software package
for exact statistical inference (StatXact 4.0.1 for Windows). The three groups were first
compared using a Kruskal-Wallis test and when a significant difference was found (a < 0.05)
a two-sided Wilcoxon-Mann-Whitney rank-sum test was used for analysis between pairs of
groups separately. Two-sided probability values of less than 0.05 were regarded as statistically
significant. Bland and Altmann (19X6) analysis was used to evaluate the differences between the
two ICP measurement sites and linear regression graphs were made to illustrate the correlation
of the two measurements. A Wilcoxon signed rank test was used to test if the differences between
both methods were significantly different from zero (a < 0.05). As a test for normality of these
differences the Shapiro-Wilk W test, combined with a normal quantile plot (NQP) was used
(u ^ 0.10). Differences in ICP between 15 and 25 min are also shown in a linear regression
graph.
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Results
Table 1 shows the physiological variables at the end of the ICP registration. In both moderate
and severe CHI groups pO, and MABP were significant lower than in sham treated animals, lor
pH. EtCO, and ear temperature only the severe CHI group showed significant differences from
the sham group. The breathing rate in the severe CHI group was significantly lower than in the
moderate CHI group.
Table 1. Physiologieal variables at 25 min after onset of ICP measurement
Weight (g)
PO; (mmHg)
PCO; (mmHg)
Sham Moderate CHI
130(123, 139]
Severe CHI
396 1384. 4J0| 392 1384, 402] 410 |394. 43()|
108 [94.7, I26J" 106 [96.4, 128]'
46.4 [43.3. 49.0] 48.4 (44.4, 52.5) 50.6 |44.<). 54.5]
PH 7.40 [7.39. 7.40] 7.37(7.36.7.42] 7.37 [7.33. 7.39]'
MABP (mmHg) 104(98.112] 90 [86. 102]' 91 (81. 103]'
Heart rate (BPM) 349 [323, 393] 353(318,407] 387 [309.4121
LtCO; (mmHg) 54 [50. 55] 55 [52. 59] 58 [57. 62]"
Breathing rate (BPM) 58(55.62] 62 [57, 65] 56 [49. 59]"
Ear temp. (°C) 36.4(36.1.36.7] 35.7 [35.0. 36.2] 35.4(34.8.36.1]'
Data are presented as median [95% Cl]. Except for the weight that was measured at the
onset of the experiment, all variables were measured at 25 min after onset of ICP
measurement. • significantly different from sham (u < 0.05) * significantly different
from moderate CHI (a < 0.05). (PaCO;: arterial CO; pressure; PaO.: arterial O.
pressure: MABP: mean arterial blood pressure; EtCOj: end tidal CO:)
104 Chapter 6
Figure I shows the data from the cerebral and ccrebcllar ICP measurement, at both 15 and 25
min. The four graphs arc comparable and show similar distributions within one group. The
ICP measurements from both the moderate and severe CHI group show a significant increase
compared to the sham group.
Figur* 1. The four panels represent the
data Irom the cerebral and cerebellar
ICP measurement at 15 and 25 mm
Each panel contains the individual
data In = 45) divided in their treatment
groups respectively. Next to the
individual data the median with the
95 ' . confidence interval is given
• significantly different from sham
(u ^ 0.05).
Bland and Altman analysis, from both the 15 and 25 min ICP measurement, is used to compare
two methods tor measuring the same variable (fig 2). The x-variable is an average of the two
ICP measurements, because the average is a better estimate of the real value compared to both
individual values. The y-variable is the difference between the new method and the established
one. cerebellar ICP and cerebral ICP respectively. At 15 min there was no indication the
differences were not normally distributed. At 25 min however both the Shapiro-Wilk W test
and the NQP showed no normal distribution. At both 15 and 25 min. the average value did not
significantly differ from zero indicating that both methods of measurement are not significantly
different and actually measure the same ICP.
Regression analysis from both the 15 and 25 min ICP measurements resulted in good correlation
between both measurement sites (tig 2). As x variable we used the established cerebral ICP and
us y our novel met hod being the cerebellar ICP. At 15 min. the following formula was calculated:
Y = 0.919 X + 0.655 (R- = 0.977). At 25 min.: Y = 0.931 X + 0.698 (R- = 0.976). As indicated by
the R-'-values. regression analyses on both time points resulted in a high correlation between the
two methods of ICP measurement. The slope of both regressions is somewhat lower then 1. this
is in part a result of the fact that the cerebellar ICP underestimates the cerebral ICP in the high
ICP measurements. When we only use the sham data (lower ICP) the slope of the regression is
approximately I (data not shown) which is concurrent with what we stated before.
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Figur« 2. The upper panels
are the Bland and Altman
plots at IS and 25 mm showing
the difference between both
measurements against their
mean value The dashed line
represents the mean dilference
and the 95".. confidence interval
of the data lies between the
dotted lines The lower panels
are the regression analysis
plots for both timepoints. The
line represents the regression
line and the dashed line the
95 "o confidence interval of the
regression Linear regressions;
ICP cerebellum IS' • 0.919
ICP cerebrum 15' » 0655 IR' *
0977) and ICP cerebellum 25' «
0 931 ICP cerebrum 25' • 0.698
IR' - 0.976).
Regression analysis of ICP changes in time, between t = 15 min and t = 25 min, gave the
following formula: Y = 0.876 X + 0.188 (R- = 0.970) for all 45 animals (fig 3).
-5 0 5
A I (P cerebrum immMgl
Figure 3. Changes of both cerebral and
cerebellar ICP measurements in time
plotted against each other For both
ICP measurements the differences (A)
were calculated by subtracting the 15
mm ICP measurement from the 25 mm
one The cerebral (X) and cerebellar (V)
differences were then plotted against
each other. The line represents the
regression line and the dashed line
the 95 ".. confidence interval of the
regression. Linear regression: MCP
cerebellum = 0876 MCP cerebrum •
0 188 (R' = 0970)
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Discussion
This study shows that the ccrcbcllar K P equals the cerebral cortex ICP, as well in normal as
in pathological circumstances. Trauma was used to create a wide range of ICP values. The
absolute measurement of ICP in both sites correlates extremely well. The divergence is quite
small compared to the actual measurement but tends to increase with increasing ICP. because
the ccrcbcllar ICP has the tendency to slightly underestimate high ICP's. The Bland and Altman
plots show that both methods of ICP measurement do actually measure the same ICP. If the
novel technique measures the same ICP as the established technique it should also respond to
changes in ICP in the same way Although this experiment was not specially designed to study
these responses, we looked at normally occurring ICP changes over time with both techniques
and compared those. The differences at both time points arc not significantly different from zero.
Here we can conclude that both methods of ICP measurement behave similar when the ICP
changes. The obtained slope, for time related changes of ICP. is somewhat smaller then I. TTiis
was again caused by the somewhat blunted response of the ccrcbcllar ICP when larger changes
occur, l-xcept for one, these larger changes could only be found in the higher ICP measurements
where we already marked that the cerebellar ICP measurement tends to be somewhat lower
then the cerebral ICP measurement. The central cloud in figure 3 which corresponds with
small changes in both ICP measurements has a slope that is approximately I. indicating a good
response of the novel method to smaller ICP changes. This implies that the cerebellar site can
also be of use to evaluate the effect of pharmacological interventions that influence ICP.
The positioning of the ICP probe in the cerebellum instead of the cerebral parenchyma has several
advantages. Firstly, the cortical area remains intact, which implies that no electrophysiological.
metabolic or cerebrovascular changes occur due to spreading depression of cortical activity.
These changes arc present hours after insertion of a probe with a diameter larger than 50 urn
(Verhaegen et al., 1^2). The Codman probe has a diameter of 1 mm. Secondly, there is no
interference with light transmission and scattering in the cortical area when the probe is placed
in the cerebellum. Thirdly, bleedings due to drilling and probe insertion can interfere with NIRS
measurements. Practical, cerebellar ICP probe placement makes the NIRS optodes positioning
easier as compared to the situation when the probe is stereotaxically placed in the cortex. This
experimental set-up makes it possible to study simultaneously cerebral blood flow (CBF).
oxygenation and ICP. This may provide very valuable information about pathophysiologic
changes and the effect of pharmacological treatment of intracranial hypertension.
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To conclude; in experimental studies in rats, where insertion of a cerebral probe should be
avoided, cerebellar ICP measurement is a very useful and valuable alternative to the cerebral
ICP measurement.
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Assessment of saturation with oxygen of cerebral venous blood
and estimation of the cerebral metabolic rate of oxygen in rats
using near infrared spectroscopy
Geofrey De Visscher, Servan Rooker, Philippe Jorens, Jan Verlooy, Marcel Borgers,
Robert S. Reneman, Willem Flameng & Koen van Rossem
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Abstract
We evaluated the influence of pentobarbital on cerebral metabolic rate of oxygen (CmrO,)
in normal rats and rats receiving closed head injury (CHI). CmrO, calculation was based on
the use of cerebral blood oxygen saturation determined in sagital sinus blood samples (SvO,)
and haemoglobin content and cerebral blood How (CUF) assessment by NIRS technology.
Furthermore cerebral blood oxygen saturation assessed with NIRS (SmcO,) was validated using
SvO, in sagital sinus blood as a standard.
In normal rats pentobarbital administration reduced cerebral oxygen metabolism and blood flow
(corrected tor body weight) to about 2 3 of its original value (p • 0.05). CHI by itself resulted
in a reduction of CM-, but not consistently in subsequent scries. Supplementary, pentobarbital
administration did not cause further decrease in CBF and oxygen metabolism. Correlation
analysis of SmcO, and SvO, revealed a loss of correlation when partial venous oxygen pressure
(IM),) decreased below 50 mmllg. Using this cut-of point two subgroups were obtained: one
witli good correlation (R 0.74) between SmcO, and SvO, and one without (R 0.04). The
latter contained a significant higher portion of CHI animal (67 % vs. 33 %; p = 0.0013), but no
differential distribution of the pentobarbital treated rats was observed. Uni- and multivariate
analysis of hacmodynamic and blood data revealed that, besides CHI, haemodynamic instability
in terms of low arterial pressure predicted loss of correlation between SmcO, and SvO,.
It is concluded that pentobarbital inhibits cerebral oxygen metabolism in rats but not after CHI.
Furthermore determination of CmrO, exclusively, with the exception of the arterial blood oxygen
saturation, from NIRS derived parameters remains questionable mainly in rats after CHI
Cerebral metabolism rate of oxygen in the rat
Introduction
Jöbsis (1977) was the first to make use of the relative transparency of brain tissue to the
wavelengths of light ranging from 700 to I (MX) nm to measure tissue oxygenation and circulatory
parameters non-invasively. Since then this technique, known as near-infrared spectroscopy
(MRS), has been further developed for use in both experimental and clinical conditions to
monitor oxygenation of blood and tissue. Related applications in brain include (he detection of
intracranial haematomas after head injury (Robertson et al., 1995). functional imaging in udults
(Villringer et al.. 1993; Tamura et al.. 1997). quantitation of cerebral blood volume in infants
(Wyatt et al.. 1990) and measurement of mitochondrial dysfunction via the cytochrome oxidase
signal (Cooper et al., 1999).
Furthermore, NIRS became an important tool in the study of cerebral blood flow (CBF) in
experimental animals (Goddard-Finegold et al., 1998; Soul et al.. 2000) and infant and adult
humans (Edwards et al.. 1988; Olsen et al.. 1996; Meek et al.,l99X; Tys/c/uk et al.. 1998). Not
only physiological changes in cerebral blood flow (CBF) but also the effect ol pharmacological
interventions in the rat can be determined by this technique (De Visscher et al., 2OO2a+b;
De Visscher et al., submitted).
In our laboratory. NIRS has been used to investigate brain oxygenation after closed head injury
in an experimental rat model (van Rossem et al., I999a+b) and during transient anoxia (De
Visscher et al., 2002b), using a multi wavelength NIRS system developed at the University
College London (Cope et al., 1989; Matcher ct al.. 1995). In transmission mode, this system
allows to monitor the oxygenation of the whole rat brain. We also have shown that the transit of
a small bolus of indocyanine green (ICG) through the brain can be accurately monitored with
NIRS in rats (Dc Visscher et al., 2002a).
The ultimate goal of the NIRS technology however is to assess cerebral oxygen consumption,
in order to identify the pathophysiological mechanism of altered brain oxygen consumption.
Achieving this measurement would yield a complete overview of the brains oxygen housekeeping,
with CBF, cerebral blood oxygenation, cellular oxygenation and oxygen metabolism.
The study of cerebral oxygen consumption is based on the simultaneous measurement of CBF
and the arterio-venous difference of oxygen content on the brain. Currently we arc able to assess
^BF using a blood flow index of which the properties have already been studied extensively
(De Visscher et al., 2002a; De Visscher et al., submitted). Arterial blood sampling is a fairly
straightforward procedure, so in order to obtain all the data required for CmrO, calculation we
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need to measure the cerebral venous saturation. This can be achieved either via sagital sinus
cannulation or possibly via NIRS monitoring of the cerebral blood saturation with oxygen. The
importance of CmrOj monitoring in stroke (Yonas and Pindzola. 1994; Heiss et al., 1998) and
neurotrauma patients (Fncvoldscn. 1986; Mui/elaar and Schroder. 1994) is well known and
( inK), assessment is an important clinical tool to predict outcome, establish therapeutic strategies
and follow the progress of the patients. It is therefore imperative to obtain these measurements in
animal models dealing with stroke and neurotrauma. such as the closed head injury extensively
studied in our lab (hngclborghs et al.. 1997 and 2000; De Mulder et al., 2000).
The first aim of the present study is to show that cerebral oxygen consumption can be measured
in small experimental using NIRS. Therefore we determined CmrO, under baseline conditions
and alter the administration of pentobarbital. a known inhibitor of cerebral oxygen metabolism
(llydcr ct al.. 2000; Linde et al.. 1999; Albrecht et al.. 1985) and as such often used in the
treatment of neurotrauma patients (Lee et al.. 1994).
The second aim of this study is to assess the stability of a known model of closed head injury
(CHI) in terms of changes in cerebral oxygen metabolism and the reactivity of CmrO, to
pentobarbital treatment.
The linal goal of the study is to validate O, saturation of haemoglobin in the cerebrum (SmcO,)
determined indirectly by NIRS instead of directly from sagital sinus blood sampling. When
NIRS determined SmcO, correlates with measurement of SvO, in the sagital sinus blood the
measurement of cerebral oxygen consumption can be safely performed by NIRS, avoiding
complex sagital sinus cannulation and blood sampling.
Cerebral metabolism rate of oxygen in the rat
Materials and methods
Animal treatment and preparation
Animal housing and treatment conditions complied with the European Union directive # 86/604
on animal welfare. Twenty four male Spraguc-Dawley rats (Charles River. Sul/fcld. (icrmany)
weighing 380-430 g were used. They were allowed free access to food and water (12/12-hour
day-night cycle) underwent standard anaesthesia induction over 4 min with 4 % isofluranc
in a mixture of 30 % O, and 70 % N,O. Subsequently rats were endotrachcally mtubatcd
and anaesthesia was maintained at 2 % isoflurane during surgical procedures. The rats were
randomly assigned to one of the four treatment groups: control, closed head injury (CHI),
pentobarbital treated and CHI with pentobarbital treatment (n 6 in each group). The control
and pentobarbital group did not receive CHI and as such they are the same until pentobarbital
administration. In both the CHI and CHI with pentobarbital group the trauma was induced betöre
the NIR spectroscopy. Both groups are equal before pentobarbital administration. The CHI and
non CHI groups differ from the start of the NIRS measurements because the first two arc normal
rats and the last two are neurotrauma rats.
All rats received a 2 cm midline incision of the scalp and the periosteum was removed to expose
the bregma. After identification of the impact place, on the bregma, the rat was transferred to
the trauma device as described earlier (De Mulder et al., 2000). To induce moderate closed
head injury (CHI) a 400 g weight was dropped on the skull from a height of 50 cm. Sham and
pentobarbital treated animals underwent all of the above except the weight drop. Rats with skull
fractures or major intracranial bleedings were excluded at this point.
After the CHI procedure the animal was placed on a rectal temperature controlled heating pad.
For ICG bolus injection, necessary for blood flow assessment, the right external jugular vein
was cannulated with a silicon tipped PE50 catheter prcfillcd with albumin bound ICCi solution.
Both femoral arteries were cannulated with PE50 catheters. The left femoral artery cannula was
used for continuous arterial pressure monitoring/registration and the right femoral artery cannula
for blood sampling. The femoral vein was cannulated with a PE50 catheter that was used for
pentobarbital (Nembutal, Sanofi, Brussels. Belgium) administration.
The rats were fixed in a stereotaxic apparatus (Model 900, David Kopf, Tujunga, CA, USA).
A thermistor inserted into the tip of an ear bar was used to measure the tympanic temperature,
providing an accurate measurement of brain temperature (Brambink et al., 1999). A rectal
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thermistor probe was inserted to monitor body temperature, which was controlled with a
heating pad connected to a homemade temperature control unit. The end tidal CO. (EtCO,) and
breathing rate were continuously monitored with an HtCO,-monitor (Capnogard. Novamctrix,
Wallingford. ( T . USA).
I he parietal and temporal bones were exposed by removing the scalp, periosteum and parts
of the temporal muscles. Sites of possible bleeding were cauterised and the temporal bones
were covered with cyano-acrylate glue (Loctite 404, Loctite Corporation. Newington. CT.
USA). A small burr hole not penetrating the skull was made at the site of the sagital sinus. A
23 gauge needle was used to open the burr hole and to puncture the upper wall of the sagital
ainus. Immediately aller the withdrawal of the needle a PK10 catheter with a 1.5 cm PH 50 cuff
was inserted into the sagital sinus. A few drops of 2 % (in saline) low melting point agarose
(ScaPlaquc, FMC BioProducts, Rockland, MK. USA) were applied at the site of entrance in
order to avoid bleeding and catheter movement. This cannula was used for cerebral venous blood
sampling required for accurate measurement of the cerebral oxygen consumption.
!• milling and receiving optical fibres (3 mm diameter) were placed onto the right and left
temporal bones, respectively (frontal pole of the fibres at the level of the bregma, angle of ± 10°
relative to both the coronal and sagittal plane). To prevent blood entering the space between
the skull and the optical fibre, optical gel (Optical Gel code 0608, R.P. Cargillc Laboratories
Inc.. Cedar Grove. New Jersey. USA) was used to fill in this space and provide a good optical
coupling. The remainder of the skull was covered with black clay (Modelling clay No 8401.
Eberhard Faber GmbH, Neumarkt. Germany).
The isotlurane concentration was then switched to 1.5 % and this level was maintained till the end
of the experiment. The surgical procedure was finished within the hour and a 10 min stabilisation
period was applied before the start of the measurements. A first arterial blood sample was taken
10 min after the start of the measurements followed by the first ICG bolus injection at 12.5 min.
The first venous blood sample was taken immediately thereafter. At 15 min the animals either
received sham or pentobarbital infusion. The rats from the pentobarbital group were first infused
with 5 mg kg min for 2 min arter which a ten times lower dose was infused for the remainder
of the experiment. The second arterial blood sample was taken 27 min after the onset of the
measurements and was followed by the second ICG bolus injection at 30 min. Here again, the
second venous blood sample was taken immediately after the ICG injection. The animals were
killed bv terminal anoxia, a necessity for NIRS.
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NIRS equipment
The NIRS system and algorithms, all developed at the University College London (Cope ct al..
1989; Matcher et al., 1995). have been described previously (Springe« et al.. 2000). NIR spectra
were collected contiguously with u period of 100 ms and hundred spectra were averaged to
give a time resolution of 10 seconds. Absolute changes in the concentration ol oxyhaemoglobin
([HbO,]), deoxyhaemoglobin ([Mb]) and oxidised Cu^ (|Cu J) were calculated from the change
in attenuation between 780 and 900 nm (Cope ct al.. 1989; Matcher et al.. 1995) and normalised
to the baseline optical pathlength measured from the 840 nm water feature using 2"' differential
analysis (Matcher and Cooper, 1994). Assuming 85 ".. water content the absolute concentration
of Hb was obtained from 2~' differential analysis and normalised to the pathlength obtained
from the 740 nm water feature. The absolute [Hb] and absolute changes in [HbO,] and |CuJ
were monitored on-line. Absolute [HbO,] was back-calculated taking the value after terminal
anoxia as zero. Total haemoglobin ([HbT]) was calculated as the sum of [HbO,] and [Hb].
and mean cerebral saturation of haemoglobin with oxygen (SmcO,) by the following formula:
([HbO,] [HbT]) x 100. ICG has an absorption peak at 805 nm (Landsman ct al.. 1976) and can
be measured by the same set up as the ICG absorption spectrum is included in the algorithm.
During ICG bolus transit detection forCBF measurement the sampling frequency was switched
from 0.1 Hz to 10 Hz (De Visscher et al., 2002a; De Visscher et al.. submitted).
A I ml/mg ICG (IR-125, laser grade; Acros, Geel, Belgium) solution was used in these studies.
Five percent bovine serum albumin (BSA fraction V; Sigma, Bomem. Belgium) was added to this
solution to bind the ICG. The solution was then sterilised by filtration with a 0.22 nm filter unit.
If BSA is added. ICG will not bind to the endothelium of the vascular wall and a clear passage
of the bolus can be detected. The ICG solution is also stable when BSA is added, otherwise self-
aggregation of the dye may occur (Cherrick et al., I960; Gentile et al., 1985).
Data analysis
For all continuously monitored data the mean value of two 3 min periods of time starting at 7
and 22 min after the onset of the NIRS measurement were calculated as pre- and posttreatment
values, respectively. Data obtained by this method are the physiological and brain oxygenation
data. The blood gas data were obtained by arterial and sagital sinus blood sample both at pre- and
posttreatment.
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Blood flow index calculation
AK'G was calculated from the ICG bolus transit curve by subtraction of the baseline value,
taken immediately before injection (mean value of 20 measurements) from the peak value
after injection. The rise lime (At) was measured as the time between the first value where the
IC'Ci signal deviates from the baseline and the peak value. A blood flow index (BFI) was then
calculated by dividing AK d by At (Kuebler et al.. 1998; De Visscher et al.. 2002a). The index
in then corrected (BFI J for individual differences in blood volume by multiplying the BFI with
the bodyweight (BFI,; De Visschcr et al., submitted). The BFI, is used to asses the total cerebral
bltHHi flow in the rat. Since the blood volume is linearly proportional to the body weight, the
latter can be used as a valid correction factor. The BFI^ data were then converted to calculated
I Bl (C Bl ) data using the formula; CBF; 62.4 +• 7.06 x BFI. (De Visschcr et al.. submitted)
avDO,, ICmrO, and CmrO, calculation
The arterio-venous (), content difference was calculated from the arterial and venous oxygen
saturation combined with the average haemoglobin concentration obtained from the same blood
samples according to the following formula:
avDO, = 1.34 x [Hb]„^ x (SaO, -SvO,)
Both K'mrO, and CmrO, were calculated from the arterio-venous O, content difference and both
flow variables according to the following formulas based on the Fick equation:
ICmrO,-avDO,xBFI .
CmrO, = avDO, x
Statistical analysis
All the results arc expressed as medians and 95 % confidence intervals (CI).
A two-sided Wilcoxon-Mann-Whitney rank-sum test was used for analysis between groups
separately. Two-sided probability \ allies of less than 0.05 were regarded as statistically significant.
Within group analysis was performed with the Wilcoxon signed ranks test (p < 0.05). The same
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test was used to evaluate if differences between subsequent measurements differed from zero.
Bland and Altman analysis (1986) was used for comparing venous oxygen saturation (SvO,)
and oxygen saturation of the haemoglobin in the cerebrum (SmcO,), two blood oxygenation
variables measured by different technologies. Cook's distance (Cook's D) was used to identify
deviating data which influenced the linear regression. Proportions of control and ncurotraumu
animals in both subgroups were compared using Fisher's exact test.
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Results
table I shows the summary of the general physiological data from the four groups obtaine
before and after pentobarbital or sham treatment. Except for the mean arterial blood pressui
(MAHP) of the pentobarbital treated CHI group, no differences in baseline were dctecte
relative to the control group. All baseline variables were within physiological range. In bot
the control and (III group the variables remained stable Although a significant different
between the rectal temperature before and after pentobarbital administration was observed, bi
the differences were very small and both measurements were well within physiological rangi
Pentoharbital administration resulted in a decrease in breathing rate which was statisticall
significant in the pentoharbital treated ('III group. In the pentobarbital group one unusually hit:
breathing rate was recorded in one animal both before and after pentobarbital administrativ
Next to the suppression of the brcathini; pentobarbital also induced a concurrent increase in en
tidal CO,, that was significant in both groups. No additional differences between pretreatment
and posttreatment values were found in both pentobarbital treated groups.
I he basic NIRS variables and oxygen saturation of the haemoglobin in the cerebrum from the
four groups measured before and after pentobarbital or sham treatment, when performed, are
shown in table 2. Comparing the baseline values of the three groups to those of the control group
resulted in a significant increase of the oxyhaemoglobin concentration of the pentobarbital group, j
Whereas, all variables remained stable in the control. CHI and pentobarbital treated CHI group. J
some differences between pre- and posttreatment could be observed in the pentobarbital treated J
group. Concurrent significant decreases in [HbO,], [HbT] and SmcO, were observed. Although |
SmcO, decreased, a significant increase in oxidised cytochrome oxidase could be observed. |
Table 3 contains the data obtained from both arterial and venous blood sampling for the four |
groups. F.xcepl tor the lower venous oxygen saturation in both CHI-groups and a lower venous |
O, pressure as compared to the control, no differences in baseline values were detected. In the j
control group a significant increase in PaO, and a concurrent significant SaO, increase were |
found. The CHI group also showed a significant PaO, increase. Significant decreases in PvO, and j
plla combined with an increase in PaCO. could be observed in the pentobarbital group. The only 1
significant difference in the pentobarbital treated CHI group was the venous pH.
Table I. Body weight and physiological <l;iia derived from the continuous monitoring of four groups of six rats
Control group
Pretrealmcnt Pi^iiK
CHI group PenlobarMul grasp CHI • pi»l«h«rt>>il gr—f
Pretreatmcm Postlrcatmcnt Prctrcatmcni Pojitrcatment PrdreMmcnt Pofttreumcnt
Wcighl(g) 396138.1.409] 394(388.4021 4flO|3XX.4l6| 390 [386.430)
HR(BPM) 343(291,4051 360 [286. 198] 353(299.433] 338(300.448) 355(300.423) 355|291.4I5) J29|3I9.4O9) 344(324.414]
MABP(mmHg) 940[889 . l l 5 | 949(888.114) 863(785.101] 86.9(67.3.97 1] 921(91.3.111] 102 |°4.6. II2| 77.0 |W 5.97 0)J 78 1(67 6.9*0]
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HrR(HPM) 711.3 1«) 1.89 I] 673|584.888] 696(615.124) 69 I |63 5. 72.3] 77.7164 6.127) 647(579.130) 729 |68I .«45] 65 7 (62 I. 74 S|t
Values arc expressed as median [95 % C'l). CHI: closed head injury; HR: heart rate; MABP: mean arterial blood pressure; Tree: rectal temperature; Tear:
tympanic temperature; I iC'O- end tidal CO;; BrR: breathing rate. Pre and Posttrcatmcnt data were calculated as the mean value of a 3 min time window
starting respectively 7 and 22 mm after the onset of the measurements, t: significant difference from pre treatment within the same group. J: significant
difference from control Prelreatmenl.
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Table 2: Brain oxygenation data derived from the continuous NIRS monitoring of four groups of six rats
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Table 3: Blood
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Table 4: Cerebral blood flc i O; content difference and CmrO^ (n = 6 in each group)
O t r o l g r o - p CHIfro-p P « t o b « i t j l t t l i r j F ^
Preircaunenl Posrireatment Prctrcatment Posltreatmeni Pretfcatment Putnicauncnl
BFI.
C'BI-, (ml g/min)
avIX) (mldl)
Kmrf).
1K5 [12 4.24.0]
1<»11150. 2321
4 CM 12 64.4 721
62.5 149 7. IN 5|
19.1 |14 1.2461
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V46 (2 46. 5 65|
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6 13 |5 |7 .8 65| 7 59(4 42.8 961 7 83(5.21.114)
CmK>- (ml'gfnin) 643(602.927] , , _ ^
Values Expre s sed as medi«ui (95 % Cl]. CHI: closed head injury: BFI.: weigh, corrected blood now indev CBF. cerebral bloodflo* from
H.H.. avIX).. arteno-venous O. content difference; Kmrf);. CmrO.. index; CmrO;: meubol.c rate of oxygen t: significant difference from pre
within the same group. {: significant difference from control Prctreatmcnl.
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Blood flow data, avDO, and metabolic rate of oxygen data for all groups arc summarised
in table 4. Baseline BFI^ and CBF^ data from the pcntoburbital treated CHI group were
significantly different from the control. No other differences in baseline as compared to the
control were observed. Significant decreases in both blood flow variables and the K'mrO2 occur
after pcntobarbital administration in normal rats.
Figure I shows the correlation and Bland and Altman analyses of the SvO, and the SmcO, in the
complete data set and two subgroups. The complete data set. as shown in panels A and B. showed
that the regression was markedly influenced by some data in the lower region of the SvO,. This
was confirmed with the Cook's D analysis. In this region a disagreement between SvO, and
SmcO, is notable. Since the difference is not significantly different from zero (p O.o805),
Bland and Altman analysis showed that on average both methods arc measuring the same
value. This method also revealed discrepancies between both measurements, thus causing large
confidence intervals. This gives rise to a low accuracy of the prediction. We then looked at the
data and saw that the animals could be separated into two subgroups: one of animals with both
PvO, measurements above and the others with at least one under 50 mmUg. Both subgroups
were reanalysed using linear regression and Bland and Altman analysis. The data from the
animals with both PvO, measurements exceeding 50 mmllg arc shown in panels (' and D. The
regression analysis resulted in a better correlation, with a slope not significantly different from
1 (slope [95 % CI] = 0.88 [0.58. 1.18]). Here again, the Bland and Altman analysis showed that
both measurements are measuring the same value, since the difference between both did not
significantly differ from zero (p = 0.7550). In addition, the confidence interval became smaller
thus indicating a good agreement of individual measurements. Panel H and F show the regression
and Bland and Altman analysis from the data obtained from animals where at least one PvO,
measurement was under 50 mmHg, respectively. In this subgroup no correlation between both
measurements could be found. Here again, the differences between both measurements did not
significantly differ from zero (p = 0.8603). The very broad confidence interval clearly indicates
that individual agreement between both variables can be extensive.
The upper part of the fifth table shows the frequency analysis of CHI versus non CHI and
pentobarbital versus non pentobarbital after the animals were reassigned to two subgroups
according the above describes PvO, requirements. This analysis clearly shows that the CHI
group is significantly more represented in the group where PvO^ is lower than 50 mmHg,
thus indicating a differential population spreading of CHI and non CHI over the PvO, criteria.
When comparing the frequencies from the pentobarbital and non pentobarbital animals no such
difference could be found
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Figur« 1. Comparison between oxygen saturation of the venous blood (SvO,) derived from a sagrtal sinus blood sample
and the NIRS measured oxygen saturation of the haemoglobin in the cerebrum (SmcO,). Panels A and 6 show tne
complete data analysed by linear regression (full line, dashed line: 95 % CD and Bland and Altman analysis, respectively.
Linear regression: SmcO.-0 63 x SvO, • 27 27 (R = 0 55) Panels C and D show the linear regression and Bland and Altman
analysis of the data from the animals with all PvO. measures above 50 mmHg, respectively Linear regression SmcO, =
0 88 x SvO. • 8.81 (R = 0 741 Panels E and F show the linear regression and Bland and Altman analysis of the data from
the animals with at least one PvO. measures under 50 mmHg, respectively. Linear regression: SmcO, - 0.06 x SvO, * 61 31
(R = 0.04).
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The lower part of table five contains the summary of the univariate analysis from the pretreatmcnl
data after the animals were reassigned to two subgroups according the above describes IM),
requirements. The table clearly shows that 16 (62 %) out of 26 variables differed significantly.
From the variables that showed significant di(Terences we chose a subgroup of variables that
could be easily assessed at the start of an experiment. This would allow us to establish a usable
exclusion criterion when an accurate assessment of the SmcO, is required. The chosen variables
were then analysed with a multiple regression analysis. This analysis slum cd that pi la, pllv,
SaO,, SvO,. [HbT]^ and MABP are significant linear predictors for the assignment into one of
both groups. Considering these five variables the least overlap into the measurements from both
groups can be seen in the MABP (individual graphs not shown).
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Discussion
We have previously used NIRS to study cerebral oxygenation aflcr closed head injury (van
Kusscm et al.. 199V a+b), influences of NO inhibition on cytochrome oxidasc (De Visschcr et
al.. 2(K)2b) and cerebral blood flow (De Visscher et al.. 2002a; De Visscher et al.. submitted).
Although the NIKS technique has been extensively developed for its use in small experimental
animals some questions remained to be solved. The first question we addressed in the present
study was the possibility of CmrO, assessment making use of an arterial and venous blood sample
combined with the blood flow indexed (BH J described earlier (De Visscher et al.. 2002a; De
Visschcr et al., submitted). We studied the CmrO, assessment in control and ncurotrauma rats
and in both we also looked at the influence of pentobarbital administration, a known inhibitor
of oxygen metabolism (Hydcr ct al.. 2000; Linde et al.. 1999; Albrecht et al.. 1985). The second
question we studied was the agreement between the saturation of venous blood with oxygen
(SvO,) and the oxygen saturation of (he haemoglobin in the cerebrum (SmcO,).
One of the models used was oxygen metabolism suppression by barbiturates such as
pentobarbital. As compared to the controls pentobarbital administration in normal rats resulted
in respiratory suppression with a lower breathing rate and a significantly higher end tidal CO,
and PaCO,. The absence of a significant difference in breathing rate in the pentobarbital group is
most probably caused by the extreme values measured in 1 rat. The breathing suppression effect
of pentobarbital in normal (Wilson et al.. 1993; Wixson et al., 1987) and dcccrcbrated rats (Sapru
and Krieger. 1979) has already been described by other groups. Pentobarbital administration
also influenced the NIRS variables in the pentobarbital group. The decreased oxygen demand
resulted in an increase in the concentration of oxidised Cu^ with a concurrent SmcO, decrease,
mainly caused by a decrease in the concentration of oxidised haemoglobin. This clearly
indicates that the oxygen metabolism is decreased by the administered pentobarbital but that the
oxygen supply is still sufficient. Furthermore pentobarbital reduced the cerebral blood flow to
approximately 2 3 of the initial value. In a comparable set up where the pentobarbital was given
additionally to a baseline anaesthetic Hyder and co-workers (2000) found a reduction to 66 % of
the initial CBF after pentobarbital administration. Although a decrease in ICmrO, could be seen
in the same group this could not be translated into a difference in CmrO, probably due to the
problem of individual CBF calculation from the blood flow index, w hich we already described
previously (De Visscher et al.. submitted).
Another somewhat more variable approach towards an altered cerebral oxygen metabolism is
the induction of neurotrauma. a model extensively studied in our lab (Engelborghs et al.. 1997
and 2000; De Mulder et al.. 2000). Although the rats received a moderate neurotrauma this
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only resulted in 1 significant difference, but looking more closely at the data we see that some
variables are deviating from their control values. Most probably the CHI group contains animals
that have received the insult but only suffer minor or no damage due to the very strict exclusion
criteria applied by us. This might result in a larger variability in the (III group as compared to
the controls. The used exclusion criteria do not allow fractures or intracranial bleedings, but
they are visually detected and thus bleedings at the base of the skull or in the brain can not be
detected.
A final group consisted of CHI animals receiving pentobarbital before the second measurements.
Although somewhat more significant differences with control could be found at the baseline
measurement as compared to the CHI group, they show almost identical numerical values
for their variables. After neurotrauma we found that pentobarbital still induced a respiratory
suppression, but no longer did it influence NIRS. oxygen metabolism and already altered
cerebral blood flow parameters. This is an indication that under the pathological conditions we
induced with our neurotrauma model, cerebral haemodynamies arc already disturbed in such a
way that the lack reactivity with respect to the direct or indirect effects of pentobarbital.
In general, no differences in arterio-venous oxygen concentration were found, the observed
IC'mrO, decrease was thus mainly caused by the decreased cerebral blood flow.
Different theories on what NIRS is actually measuring exist. The most common theory states
that NIRS is measuring a mixture of arterial and venous blood (Watzman et al.. 2000). We were
interested in comparing the NIRS measured SmcO, with the venous blood sample obtained SvO.,
to see whether the SmcO, represented venous blood or showed a deviation. If this deviation
would be an overestimation this would indicate that the SmcO, was not only venous but also
contained an arterial component. In a first approach a correlation could be found and it also
showed that both techniques were actually measuring the same value, but on an individual basis
large deviations could be observed.
After redistributing the rats according to the PvO, classes we looked at the actual distribution
of CHI versus non CHI and pentobarbital versus non pentobarbital rats. With this analysis
we clearly showed that pentobarbital treatment did not result in a differential distribution as
compared to the controls, whereas CHI resulted in an increased amount of animals in the PvO^
lower then 50 mmHg group. Considering this result and what has been described in the previous
paragraph we conclude that SvO, can not be estimated with the NIRS derived SmcO, in most of
the neurotrauma rats. Therefore, the only valid methodology for obtaining an accurate SvO, in
neurotrauma rats in venous blood sampling from the sagital sinus. In respect to this method we
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need to mention that obtaining a good sagital sinus cannulation in neurotrauma rats is difficult.
The fact that some animals that received CHI are still in the group with a PvO, larger then
50 mmllg, together with all the control, is probably caused the larger variability in this group
In reality a lower proportion of these almost normal CHI animals should be obtained but the
increases proportion can be caused by the exclusion criteria. These criteria might lead to the
exclusion of animals with the most damage and bleeding, thus only retaining the least damaged
rats for the study of which some might not even be damaged.
Assuming that we need to measure the SvO, by estimating it with the MRS measures SmcO,.
we can refine our exclusion criteria. Redistribution of the measured variables according to the
PvO classes allowed defining important differences between both groups. In a first approach
we screened for differences using a univariate analysis. Krom the found differences some were
selected to be used in a multivariatc analysis In our selection we included variables that could be
measured early in the experiment such as variables obtained from a blood gas analysis, arterial
blood pressure monitoring and the tympanic thermistor. Parameters derived from NIRS were
excluded because they can only be obtained when the animals is fully prepared. Finally six
variables were retained, being: plla. pHv. SaO,. SvO,. [HbT]^ and MAI3P. The most usable from
these would be MAHP where animals below 85 rnmllg could be excluded. When all included
animals fulfil these requirements the SvO, can be accurately estimated by the SmcO,, thus
avIX), could be calculated by the following formula:
avDO, = 1.34 x [Hb]„^, x (SaO, -SmcO,)
This would avoid the somewhat complex sagital sinus cannulation and blood sampling.
In conclusion we can state that the measurement of CmrO, using a blood flow index and the
arterio-venous difference in oxygen content can be performed in small experimental animals
under normal and cither pharmacological or pathophysiological changed conditions. Secondly,
in the closed head injury model the correlation between the NIRS determined SmcO, and
sagital sinus blood SvO, does no longer hold. Finally, under normal conditions the correlation
is enabling us to replace SvO, by the MRS derived SmcO, thus allowing CmrO, calculation
without sagital sinus blood sampling.
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Contributions to NIRS
State of the art NIRS
State of the art NIRS has been widely used both in human and experimental animal studies and
applications (for review: Owen-Recce ct al., 1999). Different variables such as the basic NIRS
variable, being oxyhacmoglobin. dcoxyhaemoglobin and cytochromc oxidase redox state, or
various derivatives, such as quantifying the cerebral haemodynamics (Elwell et al.. 1994) have
already been studied. In the first study (Chapter 2) we used the state of the art NIRS equipment
to study cytochrome oxidase inhibition by nitric oxide in vivo, if any. 1-NAME. a non specific of
nitric oxide synthase (Hobbs and (iibson. I99(); Recs ct al.. 1990) was intravenously infused (30
mg/kg) which resulted in a marked increase in MABP consistent with other published reports
(Huchanan and" f'hillis, IfWJ; Prado et al.. I99.1). Also the NlRS variables showed changes
consistent with the previously described cerebral blood flow (CBF) decrease (for review:
ladecola et al.. 1994). The decrease in both the concentration of oxyhaemoglobin and cerebral
blood oxygen saturation can be attributed to the vasoconstriction and concurrent CBF decrease,
respectively. The 1-NAME administration did not alter the redox state of cytochrome oxidase.
thus indicating the absence of cytochromc oxidase inhibition by NO under physiological
conditions. A 70 s period of anoxia was used to study the NIRS variables and effects of nitric
oxide synihase inhibition in non-physiologic conditions In general we could conclude that in
adult rats nitric oxide synthase inhibition by 1-NAME does not alter the vascular responses
nor the partial reduction of cytochrome oxidase during and after a 70 s period of anoxia. This
indicates that NO is not a major determinant of the observed alterations in these conditions (De
Visscher et al., 2002a). This study contained two assumptions which were based on published
studies. The first was the decrease caused by the vasoconstrictor}' effect and consequent CBF
decrease caused by 1-NAME (for review: ladecola et al.. 1994). The second assumption states
that the cerebral metabolic rate of oxygen is not altered by 1-NAME administration under normal
physiologic conditions (llorvath et al.. 1994). Although these were well-founded assumptions
the actual data could not be obtained with the state of the NIRS equipment in the rat.
Introducing ICG blood flow assessment in the rat
We adapted a dye dilution method for CBF assessment in pigs previously described by Kuebler
and co-workers (1998) for its use in small animals (Chapter 3). The method described is based
on the detection of the transit of a single indocyanine green (ICG) bolus with NIRS. From this
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bolus transit curve two variables can be obtained namely the rise time and the amplitude of the
ICG concentration deflection. We adopted this approach but used a slightly different rise time
measurement. Kuebleret al. (1998) took the time between 10 and 90 % of the peak value, whereas
we measured the time from the onset to the peak of the deflection. This can be done accurately in
our setting as application of a high sampling speed provides a clear onset and peak of the transit
curve. First we established the use of a dose of ICG which yielded a good signal to noise ratio
with only very small and short-lasting disturbances of the other NIRS parameters. In a second
approach this ICG-derived blood flow index (BFI) was tested for the detection of hypercapnia
increased CBF and repeatability (De Visscher et al. 2002b). Significant increases in BKI ranging
from 16 to 98 % were found during hypercapnia. Using 7.5 % CO, breathing. Hstcvcz and Phillis
(1997) found a similar range of rCBF increase (20 to 100 %) in rats with Lascr-Dopplcr probes.
In order to evaluate the BFI response to hypercapnia in a semi-quantitative way. we calculated
its pcrcentual increase per mmHg increase in EtCO,. This increase was reproducible. The values
obtained at the three subsequent CO, responses are in concordance with those found in cat and
rat by other authors (von Kummer. 1984: Lee et al.. 1995) suggesting that the measurement of
relative CBF changes by our method is accurate. From this we could conclude that this method
of CBF assessment can be used to perform repetitive qualitative measurements of CHI and also
to measure changes in blood flow in a semi-quantitative way (De Visscher et al, 2002b).
Combining cerebral blood flow measurement with histological examination
The developed method of CBF assessment described above needed further validation by
comparing it with an established method of flow measurement. Since our method of CBF
assessment is a whole brain BFI we needed to compare it with another method allowing
measurement of the global CBF. Although different methods exist, most of them were not
readily available. The method chosen, microsphcrc blood flow measurement (MS-flow) was
a method already extensively used in one of the laboratories involved (Herijgcrs ct al.. 1996).
Before using this technique for the validation of the above described BFI. we developed the MS-
flow technique in to a method allowing both CBF measurement and histological examination.
This allowed the evaluation of the microsphcre distribution and route of microsphere injection
prior to its use as a validation comparison. This technique consisted of the injection of two
subsequent injections of a different colour of fluorescent microspheres into the left ventricle
of a rat heart. Others (Nakai et al.. 1990) have shown that for CBF measurement the optimal
route of left ventricle cannulation went via the right brachial artery, with which we concur. After
both injections the animal was transcardially perfused with paraformaldchyde for fixation of the
"rain. The number of both colours of microspheres was counted on contiguous brain sections.
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The brain volume was obtained by image analysis. One of the problems encountered with this
technique was loss of microspheres in the filtration of the reference samples, which yielded
overestimated C'BF values. This was later solved by three subsequent nitrations of the same
reference sample, resulting in a > 97 % yield of microspheres. The number of microspheres
in the reference sample was obtained by counting the microspheres on the three filters. Finally
the MS-flow was challenged by using a hypercapnia induced C'BK increase. After the MS-flow
measurement the sections could (hen be stained and histologically examined. The final technique
can be very useful tool in correlating the flow in certain brain regions with the residual flow
during a specific insult, here hypercapnia but possibly also stroke or ncurotrauma. The method
by itself is not causing disturbances in the cerebral blood flow. This is clearly shown by the
absence of differences between both the hemispheric flow, in hypercapnic and normocapnic
conditions, and the first and second flow measurement in the control animals. Furthermore, we
clearly showed that the same and adjacent material could be used for histological examination
after multiple flow measurement. (Chapter 4)
Validation of the ICG derived blood flow index
Having achieved and examined a rat preparation yielding a good microsphere distribution
without CBF disturbances, we could return to the validation of the BFI. The first part assessed
the influence of different blood volumes on the BFI. Since the blood volume is linearly related
to the body weight, groups of animals with different bodyweight were used. Using regular
and low body weight rats a clear increase in BFI could be seen in the lighter animals. From
hereon the body weight corrected BFI or BFI^ that did not show this increase was used. The
behaviour of the BFI was studied in different flow conditions, all except the controls obtained
by either CO, breathing or I-NAMF! administration. With this we clearly demonstrate that the
B l \ method of C'BF assessment can be used to detect dose-dependent changes in C'BF. From
this part the highest dose of both CO, and 1-NAME together with the control were chosen for
the final validation. Since no histological examination was necessary we made use of coloured
microspheres. Both tissue and reference samples were digested and filtered for microsphere
retrieval. From hereon the dye extraction method first described by kowallik and co-workers
in 1991 was used. The MS-flow s of these groups were clearly different with low, normal and
high flows in the I-NAMK. control and CO, group, respectively. For the comparison of both
measurements the analysis described by Bland and Altman (1986) was used. This method is
specially designed for comparison of two methods measuring the same variable. One problem
with this approach is the one measurement yields an absolute value, while the other is an index.
A linear regression formula was used for the conversion of the index to its absolute value, thus
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enabling Bland and Altman analysis. The mean difference between measurements equals zero
indicating that the average MS-rlow can be accurately calculated from the Hl-1^ with the aid of
the linear regression formula. As the differences were normally distributed, a good prediction
of MS-flow can be made for a sufficiently large group of animals over the range of flows that
was covered in this study. Since the 95 % CI is notable the prediction of individual MS-flow
values from the BFI^ data may be less accurate. Possible variability, intrinsic to the microspherc
technique may also be a contributing factor in this respect. In general we can conclude that
application of multi wavelength MRS to measure the transit of an IC(i bolus through the brain
is a valuable method to assess global C'BK The I)I-1 calculated from the bolus transit curve and
corrected for bkxxl volume (via body weight) is an accurate predictor of global CBF as measured
with the microspherc technique (Chapter 5). Ultimately when the arterial ICCi function can be
determined an absolute flow measurement can be obtained with multiwavclcngth NIRS.
Cerebellar ICP measurement: an alternative for cerebral ICP measurement
A next variable, intracranial pressure or ICP, was studied because it is one of the variables
which is predictive in the outcome of neurotrauma. Kxtensive research in this field has already
been performed by our lab (Engelborghs et al.. 1997, Dc Mulder et al., 2(M)0). Combining this
technique with NIRS monitoring of perfusion and brain oxygenation would enable a more
extensive study of our closed head injury model and its possible use in pharmaceutical research.
As stated before NIRS requires a bleeding free preparation, thus insertion of the ICP probe in the
cerebrum is very unlikely to give acceptable results in the NIRS monitoring. In order to obtain
a different site of ICP monitoring the correlation between the cerebral and cerebellar ICP was
studied. Therefore, both measurements were performed simultaneously in each rat. The range
of ICP was enlarged by including both control and neurotrauma rats. The closed head injury
was obtained by dropping a weight (400 g) from 50 cm or 70 cm height onto the rats head,
thus obtaining moderate or severe neurotrauma. respectively. Here again. Bland and Altman
analysis was used to compare both sites of ICP measurement. This analysis showed that the
ICP measured at both sites is actually the same. I f the novel technique measures the same ICP
as the established technique it should also respond to changes in ICP in the same way. Although
this experiment was not specially designed to study these responses, we looked at normally
occurring ICP changes over time with both techniques and compared those. This lead to the
conclusion that both methods of ICP measurement behave in a similar way when ICP changes
occur. To conclude; in experimental studies in rats, where insertion of a cerebral probe should
be avoided, cerebellar ICP measurement is a very useful and valuable alternative to the cerebral
ICP measurement (Chapter 6).
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Cerebral metabolic rate of oxygen in the rat
l o r the final variable necessary to obtain a total view on the cerebral oxygen house-holding we
needed to enable calculation of the cerebral metabolic rate of oxygen. Since we had previously
validated a measure of C'BF the only supplementary requirement was to obtain a blood sample
from the venous outflow of the brain. Different routes of venous blood sampling were available
(Ito et al., 1995; Cooper et al., I99K) but the final route we used was sampling from the sagital
sinus. As was the ease for IC'P measurement the cannulation of the sagital sinus needed to be
bleeding free in order to allow NIRS. An easy and bleeding free rat preparation was achieved
that allowed simultaneous NIRS monitoring and venous blood sampling from the brain. This
preparation and the ( mK), calculated from the arterio-venous difference in oxygen concentration
and the HI I was ilicn studied in control, neurotrauma. pentobarbital (Ncmbutal) treated and
ncurolrauma with pcntoharbital treatment rats. Pentobarbital induced respiratory suppression,
a prevrousfy described effect o f this barbiturate (Wixson et al., 1987; Wilson et al., 1993), in
both pentobarbital (Ncmbutal) treated and neurotrauma with pentobarbital treatment animals.
Pentoharbilal showed marked decreases in cerebral blood flow and ICmrO, (CmrO, calculated
with the Ml l^ as a cerebral blood flow measure) concurrent with the findings of Hyder and co-
workers (2000). The neurotrauma animals only show a significant difference from the control for
its venous blood oxygen saturation (SvO,), although other differences were eminent they were
confounded by two factors. The first one is the increased variability in the closed head injury
(Cl II) model and the second one the exclusion criteria that probably resulted in an over-selection
of animals with only minor or no damage. The fact that pentobarbital administration after CHI
did not cause additional decreases in cerebral blood flow and oxygen metabolism is indicative
for disturbed haemodynamics and vascular reactivity in the CHI animals.
The correlation analysis between venous blood oxygen saturation (SvO,) and the NIRS derived
cerebral blood oxygen saturation (SmcO,) resulted in a redistribution of the animals into two
subgroups. The first group were rats with both partial oxygen pressure in the venous blood (PvO,)
measurements above 50 mmHg and the second contained rats at least 1 PvO, measurement
below this criteria. In the first group we found an excellent correlation between SvO, and SmcO,.
thus enabling an accurate CmrO, measurement without invasive sagital sinus blood sampling. In
the other group no such correlation was found. Therefore it is necessary to obtain a venous blood
sample for CmrO, measurement in these animals. We also showed that the latter group only
contained CHI animals and that they were significantly more represented within this group as
compared to non CHI animals. Finally we looked for additional differences between the groups
continuing that they were different. From all variables tested 62 "o were significantly different.
Selecting for variables measured at the onset of the experiment 9 were entered in a multivanate
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analysis of which 6 were retained. The most usable because of distinctive power was MABP.
where a 85 mmHg boundary could be used to devide between groups (Chapter 7).
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Applications and future prospects
The current developments contributed to the study of cerebral oxygen house-holding measure
with MRS. State of the art MRS allowed studying certain aspects such as blood and cellula
oxygenation in rats. We supplemented the technique in the assessment of certain important clinica
variables, namely cerebral blotnl flow, metabolic rate of oxygen metabolism and intracrania
pressure The final application would be to combine all previously described techniques inU
one experiment were all variables could yield a complete insight into the cerebral oxygenation
pcrfusion and metabolism in the rat. A first experiment which would combine these technique-
has already been planned and partially performed. This experiment includes monitoring of th«
standard MRS variables, namely the concentrations of oxyhaemoglobin. dcoxyhaemoglobii
and cytochromc oxidasc. combined with IC'li flow assessment, ICI'-monitoring and venou
blood sampling for CmK), calculation. The experiment also includes a comparison between thi
stanaard 'treatment lor ncurotrauma as well as neurotrauma itself. Besides the sham and CHI
groups, four treatment groups were included. Both mannitol and Nembutal were used as standard
clinical treatment. Another group comprised of animals receiving 100 % oxygen as breathing
gas was included as a surrogate for treatment with hyperventilation, a widely used therapeutic
strategy ((ihajar et al.. 1995; Meyer et al., 1999). The last group we included was I-NAME
treatment that served as a positive control because of its known effects on the NIRS variables,
1CP and MABP. In general we can state that it is possible to measure all variables at the same
time in one animal, but that closed head injury often resulted in the inability to cannulate the
sagital sinus in the rat.
Finally, in doing these and forthcoming experiments a lot of knowledge and information
concerning the oxygen supply and metabolism of both normal brain and cerebral pathology
in rat was and can be obtained. This is interesting in basic research were the unravelling of
mechanisms involved in pathology are concerned as well as in the more applied science of
pharmaceutical research. Secondarily, since the latter has a higher turn over the fact that a less
expensive experimental animal is used compared with the previous use of pigs (Kuebler et al..
1998). piglets (Springe« et al.. 2(MH)). cats (Ferrari et al.. 1995) or calf (Pringle et al.. 1998) is
also contributing to the usability of this technique. As a general conclusion we can state that
within this thesis we have achieved to contribute to the application and validation of near
infrared spectroscopy in general and more specifically in the rat.
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Summary
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As an introduction (chapter I) we describe the general physical background of near infrared
spcctroscopy (NIRS) as well as an extensive description of our NIRS-system. Starting from the
most basic form of spectrophotomctry, as described by the Beer-Lambert law, the developments
of the current in vivo NIRS are presented. Two basic mechanism involved in the decrease in
light intensity measured by a detector arc absorption and scattering. The first occurring when
light is absorbed by a molecule in the solution and the second occurring at boundaries where two
media with a differential diffraction coefficient meet. The somewhat more complex scattering
phenomenon causes both loss of light due to photon deflection out of the detectors range and
lengthening of the pathway, thus increasing the measured volume. The fully described multi
wavelength NIRS-systcm we use assumes that the loss of light is on average the same and
accounts for the lengthening in pathlength by assessing the absorption of water in the area of the
spectrum of interest. This system allows assessment of the concentrations of oxy-, deoxy- and
total haemoglobin, changes in the concentration of oxidised cytochrome oxidase and finally the
detection of a tracer compound, indocyanine green. In general this thesis is comprised of studies
set up to develop and validate the use of NIRS in small experimental animals combined with
assessment of other clinically relevant parameters. Regarding the latter we mainly focused on
the difficulties encountered in assessing simultaneously NIRS-parameters on the one hand and
intracrunial pressure and cerebral oxygen metabolism on the other. NIRS measurements, after all.
may be disturbed due to the insertion of a pressure probe or a sagital sinus sampling catheter.
Furthermore, we describe a modified microsphere technique for blood flow assessment. In short,
the microsphere technique is based on the injection of labelled microsphere into the heart after
which they get dispersed through the body and embolise microvessels. The microspheres in the
tissue of interest are then counted and compared to the microspheres obtained in an artificial
organ, the flow of which is known. In a later stage this technique was used for the validation of
the CHI assessment as performed with NIRS.
In a first study in the rat (chapter 2) we investigated the changes in the NIRS-variables following
a phamiacological intervention and a pathophysiological event, enabling detailed evaluation of
the NIRS-system as available at that time-point. Administration of the nitric oxide (NO) synthase
inhibitor I-NAMI- showed that some of the measured NIRS variables were altered by this
intervention. More specific I-NAMI: increased the mean arterial blood pressure and decreased
the saturation of the cerebral blood, most probably both caused by arterial vasoconstriction.
Since this intervention did not alter the redox state of cytochrome oxidase. we could not
conclude whether NO does inhibit cytochrome oxidase in vivo, since certain mechanisms of
NO-production do only occur after a prolonged post-insult period.
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As a pathological event, anoxia of the brain of the rat resulted in major changes in the measured
NIRS-variables. During anoxia clear decreases in cytochrome oxidase and oxyhucmoglohin and
increases in deoxyhaemoglobin and total haemoglobin were observed. It was concluded that the
NIRS-technique can measure both minor and major differences, but certain shortcomings were
also apparent after this study. The most important were the inability to assess cerebral blood flow
(CBF) and the cerebral metabolic rate of oxygen (CmrO,) in small experimental animals.
Therefore, we devised a method to assess CBF by means of NIRS in small experimental
animals (chapter 3). A NIRS-detcctablc compound, indocyanine green (lCCi). was used as an
intravascular tracer, yielding bolus transit curves, From these we could calculate a blood flow
index (BFI). Initially, we established the use of an IC'Ci-bolus yielding a good signal to noise
ratio and causing only minor interference with the basic NIRS variables. Behaviour of NIRS-
determined BFI was assessed in animals, subjected to a series of normocapnic (normal blood
CO, concentration) and hypercapnic (increased blood CO, concentration) CBF conditions. The
results were in agreement with those obtained by other groups using similar conditions but
alternative CBF measurements. We concluded that the NIRS-mcthod can be used for repetitive
and qualitative CBF assessment. This method however still needed validation.
In the search for validation of the BFI as determined with ICG, the following study was
designed (chapter 4). It had a double aim. The first one was to evaluate the potential of the
microsphere technique for CBF measurement in small experimental animals and consequently
its use as reference technique. The second was to develop a microsphere technique enabling
the assessment of CBF combined with histological examination of the brain. Microsphcres
were injected using an already published method of cannulation and counted in situ after brain-
sectioning. Calibration of the flow, using an adequate reference sample, remained problematic.
We could show that three subsequent filiations yielded an adequate estimate of microsphcres in
the reference sample. The distribution of microspheres in the brain was found to be homogenous.
We again estimated flow under normocapnic and hypercapnic conditions and observed significant
flow increases during hypercapnia. Finally, this technique was used in a model of incomplete
ischemia and we demonstrated that this method of CBF assessment could be combined with
histological evaluation of brain lesions.
Having shown that we could use the microsphere technique for CBF assessment in small
experimental animals, we proceeded to the following study where we validated the determination
of BFI by comparing to CBF as measured with the microsphere technique (chapter 5). In a
first approach we evaluated the effect of the animals' body weight on the BFI, which lead to a
weight corrected BFI calculation (BFI ). Additionally we studied the effect of both 1-NAME
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and hypcrcapnia on BFI^, which clearly showed a dose dependent decrease and increase of flow, ]
respectively. Finally we compared the B F \ to the microsphere CBF assessment after quasi-
simultaneous injection of ICG and microsphcres, we found that BFI^ is an accurate predictor of
global CBF. i
j
Having a method of CBF assessment by means of NIRS at hand, we proceeded to another
technical problem, being the simultaneous assessment of the NIRS variables and determination of
intracranial pressure (chapter 6). In this respect we compared the IC"P measured in the cerebrum
and in the cerebellum. The advantage of cerebellar IIP is that insertion of the pressure transducer
into this part of the brain does not interfere with the NIRS measurement in the cerebrum. A range
of IC'P values was obtained by subjecting rats to closed head injury (CHI), a proven model for
increased KP. Measuring KP at both sites simultaneously revealed no differences in ICP-values
and when changes, although generally small, occurred, both measurement changed accordingly.
From these findings we concluded that the cerebellar site was a good alternative allowing the
estimation of cerebral ICP simultaneously with the assessment of NIRS variables.
In the final study (chapter 7) the measurement of cerebral metabolic rate of oxygen (CmrO,) by
assessing sagital sinus blood saturation (SvO,) and cerebral blood oxygen saturation (SmcO,)
by means of NIRS was evaluated. Using two models, pentobarbital administration and CHI,
we found that in normal and pentobarbital treated animals CmrO, could be assessed by means
of the NIRS variable: SmcO,. This, however, was not the case in the majority of the CHI-
animals, which still required sagital sinus blood sampling. Analysis of other indicative baseline
parameters revealed predictive criteria for the requirement of sagital sinus cannulation in CmrO,
assessment.
In conclusion, in this thesis we have further developed and complemented NIRS-applications
for their use in small experimental animals. In the final state NIRS will enable simultaneous
monitoring of the concentrations of oxy-, deoxy- and total haemoglobin and changes in the
concentration of oxidised cytochrome oxidase with either CBF, ICP. CmrO, or any combination
required for the study of pathophysiologal conditions or pharmacological intervention in small
experimental animals. The final application is currently under study.
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Samenvatting
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Tcr inlciding (Hoofdstuk 1) van dc/e thesis volgt allerecrst ccn beschrijving van de fysische
achtcrgrond van "near infrared spectroscopy' (NIRS) gevolgd door een uitgebrcide omschrijving
van hct door ons gebruikte NIRS-systeem. Als vertrekpunt van de huidige vorm van in vivo
NIRS hebben we gebruik gemaakt van de meest eenvoudige vorm van spectrofotometrie.
zoals dcze beschrcven wordt door de Beer-Lambert wet. Spectrofotometrie is gebaseerd op
hct mctcn van het vcrschil in intensiteit van licht voor en na dat hct door een oplossing die een
lichl absorberende stof nevat is gegaan. Het vcrschil kan echter veroor/aakt worden door twee
fysische vcrschijnscls namelijk absorptie en verstrooiing. Het eerste gebeurt als een foton of
lichtdeeltje opgenomen wordt bij botsing met een molecule in de oplossing. Het tweede gebeurt
als licht overgaat van het ene naar hct ander medium dat elk van beide een andere diffractie
coefficient hebben. l)e lichl verstrooiing is een complex fenomeen dat cner/ijds rcsulteert in hct
verlies van licht door het albuigen van hct licht uit het detccticgebicd en ander/ijds resulteert
in ccn verlcnging van de afgelegde afstand van het licht. Dit laatstc wil dan ook /eggen dat a
een toename is van het gemeten volume. Het door ons gebruikte NIRS-systeem veronderstelt
dat het gemiddcld verlies van licht constant is en berekent het verlengen van de afgelegde
afstand aan de hand van lichtabsorptic van water in hct 'near infrared' gebicd. Dit systecm laat
toe oin de eoncentnities van oxy-, deoxy- en totaal hemoglobine te bcrekenen. Verder is het
mogelijk om veranderingen in de concentratie van geoxideerd cytochroom oxidase, de finale
electron-acceptor in dc mitochondriale elektrontransport keten, tc berekenen. Tevens kan ook
de concentratie van indocyanine-groen, in de/e context gebruikt om de cerebrate doorbloeding
te mctcn. gedetecteerd worden. In het algemecn bevat de/e thesis studies die bijdrage aan de
ontwikkeling en validatie van het gebniik van NIRS in kleine experimentele dieren en het
gebruik van NIRS in combinatie met het metcn van andere klinisch relevante parameters.
Wat de/e parameters betreft hebben we ons voornamelijk toegelegd op de problemen die de
simultane observatie van NIRS-parameters enerzijds en van de intracraniele druk en cerebraal
/uurstof mctabolismc ander/ijds verhinderden. namelijk het inbrengen van rcspectievclijk een
druknrobc en een sagitale sinus katheter.
Vcrder beschrijven we een aangepast microsphere technick voor het meten van de
herseiuioorbloeding. In het kort is de/e technick gebaseerd op het injecteren van kleine sferen in
ile blocdstroom. l)e/e worden dan afhankelijk van de doorbloeding verdeeld over de het lichaam
waar /c vast komen tc /itten in kleine blocdvaten. Hct aantal sferen in het weefsel van interesse
is dan vergeleken met het aantal verkregen tijdens een bloedafname met constante en gekende
afnamcsnelheid. Op de/e wij/e kan de doorbloeding van het desbetreffende weefsel berekend
worden. In ccn later stadium hebben we een variant van de/e techniek gebruikt om de NIRS-
methodc voor het meten van dc cercbrale doorbloeding te valideren.
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In de eerste Studie (Hoofdstuk 2) in ratten hcbbcn we de veranderingen van de NIRS-
veranderlijken na een farmacologische interventie en een pathofysiologisch insult bcstudeerd.
Dit liet ons tevens toe om een gedetailleerde evaluatie to maken van het NIRS-systeem bij de
aanvang van deze thesis. Het toediencn van I-NAMK een remnier van stikstof monoxide (NO)
synthase resulteerde in het veranderen van sommige NIRS-variabelen. Stiksiof monoxide (NO)
synthase is een enzym dat instaat voor de produetie van NO. onder meer een regulator van de
arteriele tonus. Meer specifiek veroorzaakt I-NAMH een stijging van de gemiddelde arteriele
bloeddruk and desaturatie van het ecrebrale bloed. Beide zijn het gcvolg van vasoconstrictic van
de cerebrale arterien. Ten gevolge van het feit dat I-NAME gcen veranderingen veroor/aakle
in de redox-status van eytochroom oxidase konden we niet concluderen dat NO cytochroom
oxidase inhibeert in vivo, want bepaalde meehanismen van NO-productie treden pas veel later
op na een insult.
Het door ons gebruikte pathologische insult, namelijk een korte anoxia of /uurstofgebrek van
de rattenhersencn. resultccrde in ingrijpende veranderingen in de NIRS-variabelen. l)e/e anoxia
veroor/aakte een duidelijke at'name van de geoxideerde vorm van cytochroom oxidase alsook
een afname van de hoeveelheid oxyhemoglobinc. Anderzijds resulteerde het ook in een toename
van dcoxyhemoglobine en de totale hoeveelheid hcmoglobine. Uit dit alles concludeerden we
dat de NIRS-techniek toclaat om zowel kleine als grote verschillcn te detccteren. maar de Studie
toonde ook een aantal gebreken of onvolmaakthedcn van de/e technick aan. De belangrijkste
waren dat het onmogclijk was om de hersendoorbloeding en het cerebrale /uurstofmetabolisine
te meten in kleine experimentele dieren.
Daarom begonnen we met het ontwikkelen van ccn methode voor het mctcn van de
hersendoorbloeding in kleine experimentele dieren. meer bepaald de rat (Hoofdstuk 3). Iliervoor
gebruikten we indocyanine groen. een stof na inspuiting gclimitccrd tot het mtravasculaire
compartiment. Deze stof kan na aanpassing van het NIRS-systeem gedetcctcerd worden en
we verkrijgen dan bolus transit curven waaruit we een doorblocdingindex kunncn berckencn.
Aanvankelijk hebben we nagegaan welke hoevcclhcid indocyaninc grocn rcsulteert in ccn goedc
signaal achtergrond vcrhouding gecombineerd met cnkel kleine vcrstoringen van de ander NIRS-
variabelen. Verder hebben we gekeken hoe de doorblocdingindcx /ich gedraagt bij normale en
verhoogde hersendoorbloeding. Hiertoe werden metingen verricht bij normocapnische (normale
CO, concentratie in het bloed) en hypcrcapnische (verhoogde CO, conccntratie in het blocd)
doorblocdingcondities. De gevonden resultaten waren in overcenstemming met die van andere
groepen die de hersendoorbloeding gemeten hebben met andere technicken, maarondcrdc/clfde
condities. Hieruit besloten we dat deze NIRS-mcthodc gcbruikt kan worden voor hcrhaaldclijke
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en kwalitaticvc ccrebralc doorblocdingmetingen. Wat echter nog vereist was om deze techniek
te kunne gcbruiken was een validatie.
Om de hicrbovcn bcschrcvcn technick tc valideren hebben nog eerst een andere techniek
bcstudccrd cn ontwikkeld (Hoofdstuk 4) Met doel van deze Studie was dan ook dubbel. ten
cerste de evaluatie van de microsleer techniek voor het meten van hersendoorbloeding in
kleine expenmentcle dteren en als dusdanig ook het gebruik ervan als referentie techniek.
Ten tweede wilden we tcgclijkcrtijd ook cen techniek ontwikkclcn die toelaat om zowel de
hcrscndoorhlocding als microscopisch de hersenstruetuur te bestuderen. De injeetie van de
microsferen gebeurde op een reeds door anderen gepubliceerde manier. De sferen werden
echter gcteld in situ op hcrscncoupcs. als dusdanig kunnen tle/e dan nog gebruikt worden voor
anulyse van de hersenstruetuur. Doch de calibratie. aan de hand van het referentiestaal. van de
hcrscndonrblocding blccf problematisch, maar uitcindclijk bleck dat na drie filtraties er genoeg
microsferen werden terug gewonnen om de werkelijke doorbloedingwaarde te benaderen. Verder
vonden we ook dat de microsfcerverdeling in de hersenen vrij homogeen was. Zoals in de vorige
Studie werd er terug gekeken naar normale en hypercapnisch verhoogde hersendoorbloeding.
Ook hier vonden we een ingrijpende toename in de hersendoorbloeding tijdens hypercapnie.
Uitcindclijk hebben we deze techniek ook gebruikt in een incompleet ischemiemodcl, dit wil
/.eggen in een model van verminderde doorbloeding. In dit model toonden we aan dat het meten
van de cerebrale doorbloeding ook gecombineerd kon worden met de histologische evaluatie van
de hersenschade.
Nu we aangetoond hadden dat de microsfeertechnick konden gebruiken voor het bepalen van de
hersendoorbloeding in kleine proefdicren. hebben wc cen Studie opgezet ter validatie van de reeds
eerder beschreven doorbloedingindex (Hoofdstuk 5). Hiertoe hebben we de beide beschreven
technicken met elkaar vergeleken. Hcrst hebben we het etTect van het lichaamsgewicht op de
doorbloedingindex bcstudccrd. Dit leidde tot het uitvoeren van een gewichtscorrectie op de
doorbloedingindex. Verder bestudeerden we het effect van zowel I-NAME als hypercapnie op
de gecorrigeerde doorbloedingindcx. wat resulteerde in een respectievelijke dosis afhankelijke
athamc en toename van de hersendoorbloeding. De uiteindelijke validatie bestond uit het quasi
simultaan injeetcren \an /owel de K'Ci-bolus als de microsferen. Hicruit konden we concluderen
dat de gecorrigeerde doorbloedingindex een accurate voorspeller is van de hersendoorbloeding
zoals deze gemeten wordt met de microsfeertechniek.
Nu we een techniek hadden om de hersendoorbloeding te meten door middel van het NIRS-
systeetn, gingen we verder met het oplossen van het volgende technische probleem. namelijk
het tegelijkertijd meten van de NIRS-variabelen en het bepalen van de intracraniele druk
Samenvatting
(ICP: Hoofdstuk 6). Hiertoe vergeleken we de 1CP gemeten in net eerebrum met de/e gcmclen
in het cerebellum. Het voordeel van het nieten van de intracraniele druk in hot cerebellum is
dat het inbrengen van de drukprobe in dit deel van de hersenen niet interfereert met de NIRS-
metingen in het cerebrum. Door de ratten te onderwerpen aan 'closed head injury', een bewe/en
model van verhoogde intracraniele druk. werd een groter bereik van IC'P-waarden bekoinen. De
intracraniele drukken gemeten op beide plaatsen toonden geen vcrschillcn. Verder voiulen we dat
bij drukveranderingen de druk op beide plaatsen op dezelfde wijze verändert. Uit de/e gegevens
konden we concluderen dat het meten van de intracranielc druk in het cerebellum een goed
altcmatief is dat toelaat om de intracraniele druk te meten simultaan met de NIRS-variabelcn.
In laatste Studie (Hoofdstuk 7)evalueerden wij het bepalen van het cerebralc zuurstofmeiabolisme
aan de hand van de saturatie van een sagitale sinus bloedstaal en de zuurstofsaturatie van hel
cerebrale bloed gemeten met het NIRS systecm. Hiertoe gebruiktcn we twee modellen, namelijk
het toedienen van pentobarbital en 'closed head injury'. We vonden dat zowcl in de normale
ratten als in de ratten die pentobarbital kregen het cerebralc zuurstofmctabolisme berekend kon
worden aan de hand van de NIRS-variabelc: /uurstofsaturatie van cerebrale bloed. Doch in de
trauma-ratten vonden we dat dit voor het merendeel van de dieren niet mogclijk was, zodat het
nog steeds noodzakelijk is om hier een bloedstaal te nemen uit de sagitale sinus. Verdcrc analyse
van de gemeten variabelen toonde aan dat er andere eenvoudig te bepalen parameters waren die
predictief waren voor het al dan niet noodzakelijk zijn van een sagitaal bloedstaal.
Ter conclusie van deze thesis kunnen we zeggen dat wij dc NIRS-techniek verder onlwikkeld en
aangevuld hebben voor het gebruik in kleine proefdicren. Uitcindelijk laat NIRS ons nu toe om
in kleine proefdieren de oxy-, dcoxy- and total hemoglobinc concentrates en veranderingen in de
concentratie van geoxideerd cytochroom oxidase simultaan te meten met de hersendoorbloeding,
de intracraniele druk, het cerebralc zuurstofmetabolisme of een combinatie van deze variabelen
en parameters. Deze laatste toepassing is momentce! dan ook onder cvaluatie.
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